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ABSTRACT 
Synthesis and Characterization of a Well-Dispersed Nanostructured Polymer System  
 
Arianna Lubomyra Watters 
Advised by Giuseppe R. Palmese, PhD 
 
 
 
Epoxy resins are an important class of thermosetting polymers widely used in 
structural composite applications such as adhesives, coatings, and encapsulants for a 
wide variety of industries, however, these high performance matrices are limited by 
their brittle nature. The focus of this work was to contribute to the development and 
understanding of epoxy reinforcement by incorporating carbon nanotubes to enhance 
electrical and mechanical properties of these multifunctional materials. 
Nanocomposites were synthesized using a novel ionic liquid dispersant/initiator in 
conjunction with three roll milling, resulting in well-dispersed nanotube-epoxy 
composites with an ultralow critical percolation. The quality of the dispersion is 
comparable with the best published results for nanotube-epoxy composites, and 
created using simplified and streamlined methods. Young’s modulus of the resultant 
composites exhibit enhancements up to a nanotube content of 1.0 wt%, at which point 
no further increases are observed due to the liquid phase composite surpassing its 
rheological percolation threshold. Nanotube-epoxy fracture toughness is moderately 
improved over the unmodified network and enhancements are exhibited at nanotube 
contents as low as 0.01 wt%. Development of well-dispersed nanotube-reinforced 
epoxy resins have led to a better understanding of processing-structure-property 
relationships in nanocomposites that can be applied to the design of improved systems.  
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CHAPTER 1: INTRODUCTION AND BACKGROUND 
1.1  Motivation and Objectives 
Epoxies consist of thermosetting resin monomers that create a crosslinked polymer 
network. Prior to cure, the material is an easily processable liquid and upon the 
addition of heat the cured crosslinked thermoset vitrifies into an irreversible solid state 
[1].  Epoxy resins are a class of thermosetting systems important in high performance 
structural and specialty applications [2], commonly used as adhesives, coatings, 
encapsulants for electronics for a variety of industries, industrial tooling, and for 
marine and aerospace applications requiring a high strength to weight ratio. The 
versatility of epoxy resins is based on the wide variety of monomer resins and curing 
agent combinations available, as are the diversity of properties resulting from these 
polymer networks. Though epoxy thermosets generally possess high stiffness and 
thermal resistance, they are brittle [1-3].  
The properties of epoxy resins can be further developed by including a secondary 
phase within the polymer matrix, yielding a composite material [4]. Polymer 
nanocomposites are materials that have nanoparticles dispersed in the polymer matrix 
[5], expanding the performance of unmodified systems by introducing new 
combinations of properties and subsequently enabling new potential applications for 
plastics [4, 6, 7].  
In 1991 Iijima brought carbon nanotubes (CNT) to the attention of scientists 
worldwide [8], and since that time characterization methods have matured, allowing 
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researchers to determine the properties of this one-dimensional particle [9] and to 
propose potential applications [10]. A single walled carbon nanotube (SWNT) is 
modeled as a single graphene sheet rolled into a cylinder, ends capped with a 
fullerene-like structure, composed entirely of sp2 carbon-carbon bonds, and a 
multiwalled carbon nanotube (MWNT) consists of concentric cylinders of nanotubes, 
up to a few hundred nanometers in diameter [8, 11]. Carbon nanotubes possess 
exceptional electrical and mechanical properties, with a Young’s modulus up to 1.0 
TPa, a tensile strength up to 50-200 GPa [12], and a bulk electrical conductivity of 
105-108 S/m [13-16] for SWNTs and 102-106 S/m for MWNTs [17, 18], depending on 
their structure and manufacturing method.  
The exceptional properties of nanotubes have been investigated for devices such as 
field-emission displays, telecommunications and microelectronic devices, illustrating a 
deviation from the use of traditional metals and adoption of non-metallic composite 
materials for widespread use. However, due to their nanoscale dimensions, it is 
difficult to translate the properties of carbon nanotubes to macroscale applications and 
uses. Widespread interest in harnessing the electrical and mechanical properties of this 
particular nanoparticle has led to the development of carbon nanotube composites in 
various polymer materials, particularly thermosetting resins.  
Despite nearly two decades of work dedicated to nanotube composites, the use of 
nanotubes to modify epoxy thermosets does not result in expected mechanical 
property improvements [6, 19]. Often cited explanations for lack of mechanical 
property improvements are poor dispersion [20] and poor interfacial interaction [21]. 
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Creating a well-dispersed carbon nanotube composite with enhanced properties 
remains an active research topic.  
Ionic liquids have recently been found to be effective dispersants for nanotubes 
and also able to initiate epoxy polymerization. The purpose of this work is to use the 
ionic liquid chemistry to homogeneously disperse nanotubes in an epoxy polymer 
matrix and evaluate resulting composite performance in order to answer the following 
questions:  
1. Is the RTIL dispersant/initiator of polymerization an effective method for 
synthesis of a well dispersed nanotube-epoxy composite?  
2. Does a homogeneously dispersed nanotube-epoxy composite exhibit the 
anticipated mechanical property enhancements? 
3. What is the role of  the interface in nanotube-epoxy composite mechanical 
properties?  
These questions will be answered by two specific aims. The first specific aim is to 
synthesize a well dispersed nanotube-epoxy composite using RTIL, which will be 
achieved by developing synthesis and processing methods with the IL dispersant and 
evaluating dispersion by percolation theory. The second aim is to characterize the 
mechanical properties of a well dispersed nanotube-epoxy composite, which will be 
achieved by evaluating Young’s modulus, tensile strength and fracture toughness. 
Each aim will evaluate four series of nanotubes: single walled carbon nanotubes 
(SWNT), amine-functionalized single walled carbon nanotubes (SWNT-NH2), 
multiwalled carbon nanotubes (MWNT), and amine-functionalized multiwalled 
carbon nanotubes (MWNT-NH2). This work will lead to a better understanding of 
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structure-property relationships of nanotube-epoxy composites that could be applied to 
the design of improved systems and expand potential applications of such composite 
materials.  
1.2  Overview  
The remaining sections of this chapter provide background information regarding (a) 
nanotube discovery, structure and properties, (b) dispersion and synthesis of nanotube-
epoxy composites, (c) ionic liquid dispersant, (d) ionic liquid thermally latent cure of 
epoxy, (e) mechanical reinforcement of composites, and (f) rheological behavior of 
composites.  
In Chapter 2, Aim 1 is addressed. Dispersion and synthesis methods of nanotube-IL-
epoxy composites are discussed. Composite dispersion is evaluated by electrical 
conductivity measurements in conjunction with percolation theory, and qualitatively 
assessed by scanning and transmission electron microscopy. Four series of composites are 
evaluated: SWNT, MWNT, and amine-functionalized SWNT and MWNT.  
In Chapter 3, Aim 2 is addressed. Mechanical property enhancements evaluated 
include Young’s modulus, ultimate tensile strength and fracture toughness. In particular, 
the differences in mechanical property enhancements exhibited by the four series of 
composites are discussed providing insight into potential applications of nanotube-epoxy 
composite materials.  
Conclusions, recommendations and future work are presented in Chapter 4.  
5 
 
1.3 Background 
The background discussed in this section contains an overview of nanotube 
discovery, structure and properties, covered in Section 1.3.1. Nanotube dispersion 
processes are a critical aspect of this work, and an in depth review of current 
dispersion methods used for the synthesis and processing of nanotube-epoxy 
composites is presented in Section 1.3.2, touching upon the benefits and drawbacks of 
each. Techniques are organized by physical dispersion methods and chemical 
dispersion methods, discussed in Sections 1.3.2.1 and 1.3.2.2, respectively. Upon 
creating a composite material, the dispersion must be measured and evaluated, with 
methods discussed in Section 1.3.3. Measuring dispersion can be done by qualitative 
methods using microscopy, discussed in Section 1.3.3.1, or by quantitative methods 
based on percolation theory, discussed in detail in Section 1.3.3.2. Section 1.3.3.3 
contains a detailed review of theoretical percolation threshold, and finally, Section 
1.3.3.4 contains a discussion of some of the best experimental percolation thresholds 
presented in literature.  
The novel use of an ionic liquid dispersant/initiator sets this work apart from 
composite synthesis and processing presented in literature, and the ionic liquid 
dispersant is discussed in detail in Section 1.3.4. The same ionic liquid, 1-ethyl-3-
methylimidazolium dicyanamide, serves a dual purpose to initiate anionic cure of the 
epoxy resin, and the proposed reaction mechanism and discussion is included in 
Section 1.3.5.  
Three mechanical properties are of interest in this work: Young’s modulus, 
ultimate tensile strength, and fracture toughness. Section 1.3.6 contains a literature 
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review summarizing the best mechanical property enhancements for each of the 
aforementioned properties presented in literature, along with an extended discussion of 
some of the most significant findings. Finally, rheological properties of composites are 
discussed in Section 1.3.7, with a particular focus on the composite transition from 
viscous to solid-like behavior with increasing nanotube content and its relation to 
rheological percolation threshold.  
 
1.3.1 Nanotube Discovery, Structure and Properties 
Although Japanese researcher Sumio Iijima is credited with the discovery of 
carbon nanotubes in 1991 [8], they were first reported in the Russian Journal of 
Physical Chemistry by Radushkevish and Lukyanovich [22]. Radushkevich’s article 
featured TEM images of hollow graphitic structures, but during that time the 
resolution of TEM was limited to the nanometer range,  and unfortunately it will never 
be confirmed if these structures were in fact, carbon nanotubes. Unfortunately, this 
article was not easily available to the western world and gained very little attention, 
and therefore the first widely known report of carbon nanotubes was the work by 
Iijima in 1991.  
Iijima synthesized nanotubes by arc discharge between two graphite electrodes, 
and this study reported concentric, coaxial tubes several layers thick. This study also 
reported that nanotubes contained sp2 hybridized carbon, similar to that of planar 
graphene [8]. Since then, many synthesis methods for single and multi-walled carbon 
nanotubes have been developed, including arc discharge, laser ablation, gas phase 
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catalytic growth from carbon monoxide, and chemical vapor deposition (CVD) from 
hydrocarbons, among others [4].  
Since the initial discovery of carbon nanotubes, they have been classified to have 
several types: single walled carbon nanotubes, double walled carbon nanotubes, and 
multiwalled carbon nanotubes. In each case, these nanotubes are long, hollow 
cylindrical structures of graphitic sheets. Nanotube electronic properties depend on 
their chirality, which is the direction of rolling of the graphene sheet, and the three 
different types of nanotubes arising from the rolling scheme are shown in Figure 1.1. 
SWNT electronic properties are critically dependent on chirality whereas the 
concentric cylinders in MWNTs can contain different chiralities, and electrical 
conductivity is assumed to be the average of all concentric tubes [11].  
Tube chirality can be defined in terms of a chiral vector, which also determines 
nanotube diameter. According to the rolling angle, there are three possible chiralities: 
armchair, zigzag, and chiral nanotubes. Each nanotube is defined by a chiral vector: 
𝐶𝑛 = 𝑛𝑎1 + 𝑚𝑎2 (1.1) 
Where Cn is the chiral vector, (m,n) integers are number of steps along unit vectors 
a1 and a2 of the hexagonal lattice [23]. Figure 1.2 contains an illustration showing 
rolling direction along vectors and corresponding nanotube chirality. All armchair 
nanotubes have the (m,n) configuration of m=n, while all zigzag nanotubes have m=0, 
and finally, chiral nanotubes have random configurations. Nanotubes can be metallic 
or semiconducting depending on (m,n). Although all nanotubes have the same sp2 
hybridized structure, the unique electronic properties are caused by quantum 
confinement of electrons normal to the nanotube axis . Therefore, electronic properties 
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Figure 1.1: Nanotube structures [11]. 
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are strongly dependent on nanotube chirality; all armchair nanotubes are metallic, and 
zigzag and chiral nanotubes are only metallic if (m-n)=3 [11].  
Nanotube diameter can also be calculated from the chiral vectors using Equation 
1.2:  
𝑑 =  
𝑎√𝑚2 + 𝑚𝑛 + 𝑛2
𝜋
 
(1.2) 
Where m and n are determined from nanotube chirality, and a is the lattice 
constant in a graphene sheet, which is equal to 𝑎 = 1.42√3Å [11, 23].  
SWNTs possess a modulus reported to be as high as ~1 TPa [11], tensile strength 
in the range of 50-200 GPa [12], and an electrical conductivity of 105-108 S/m [13-16]. 
MWNTs possess a modulus reported to be as low as 10-50 GPa or as high as 1.8 TPa, 
dependent on nanotube geometry, measurement techniques, and synthesis methods, 
tensile strength of 11-63 GPa [24],  and electrical conductivity of 102-106 S/m [17, 18]. 
A summary of nanotube mechanical and electronic properties are shown in Table 1.1, 
along with properties for commonly used metals for comparison.  
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Figure 1.2: Graphene sheet schematic illustrating the several methods to roll it over to form 
different types of nanotubes. This vector convention is used to define each point on the lattice, 
beginning from the origin, (0,0). Unitary vectors a1 and a2 are necessary to determine the rolling 
direction expressed by vector Cn. Nanotube electric properties arise from the rolling scheme; all 
armchair nanotubes are metallic, as well as zigzag and chiral nanotubes with indices of (m-n)=3 
[11].  
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Table 1.1: Nanotube and metals material properties. 
 
Material 
Young’s 
Modulus 
(GPa) 
UTS 
(GPa) 
Electrical 
Conductivity 
(S/m) 
SWNTs 1200 50-200 105-108 
MWNTs 1000 10-60 102-106 
Stainless Steel 300 2 1.45x106 
Copper 117 0.22 6x107 
Aluminum 69 0.3 3.5x107 
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1.3.2 Dispersion and Synthesis of Nanotube-Epoxy Composites 
Epoxy resins and carbon nanotubes possess inherently different properties, and by 
combining these materials results in a composite possessing unique properties that 
cannot be obtained by either material acting alone [5, 10, 25]. The electrical [13] and 
mechanical [12] nanotube properties can provide reinforcement to epoxy resins at 
relatively low filler content, due to their uniquely high aspect ratio [26-28], 
significantly expanding potential applications of multifunctional nanotube-epoxy 
composites [29].  
The full potential of carbon nanotubes as filler materials is limited by difficulties 
associated with dispersion and processing [30] of the entangled tubes which are tightly 
bundled by π-π stacking [16, 19, 20, 26, 31-34] as well as interfacial interactions [35-
37]. Commercially supplied nanotubes are heavily entangled [38] and it remains 
difficult to disperse or process these bundles without damaging the tubes, leading to a 
myriad of different processing techniques [32]. Dispersion techniques are classified by 
physical dispersion and chemical dispersion, reviewed in detail in Sections 1.3.2.1 and 
1.3.2.2, respectively. Despite countless efforts, the challenge of creating a high 
performance composite remains [29, 31].   
1.3.2.1 Physical Dispersion Techniques 
One of the most common physical dispersion methods used is ultrasonication, 
which is the act of applying ultrasonic energy to agitate particles, and the process is 
governed by the transfer of local shear stresses which break down aggregates [19]. 
The mechanism by which ultrasonication results in dispersion of nanoparticles is due 
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to cavitation. Ultrasonic waves cause cavitation to occur in a low-viscosity fluid above 
a certain ultrasonic intensity in the low-pressure regions of the traveling wave. Once 
created, the cavitation bubbles collapse causing an extremely high strain in the fluid in 
the approximate regions of the bubble implosion. Distribution of cavities is controlled 
by the geometry of the sonicator and sonication settings and is homogeneous 
throughout the solution. It is suggested that complete separation of nanotubes would 
require the shear energy resulting from ultrasonication to exceed the binding energy of 
the nanotubes to one another [39]. When the ultrasound propagates through a medium, 
the waves promote “peeling off” of the individual nanoparticles located on the outer 
part of bundles or agglomerates [23].  
Puglia et al. [40, 41] and Valentini et al. [42] sonicated SWNTs directly into the 
epoxy resin, whereas Brown et al. [43] and Lucas et al. [44] chose to sonicate SWNTs 
directly into an amine-hardener. Sonication of nanotubes is often carried out with 
functionalized nanotubes in order to increase nanotube-polymer interaction in hopes of 
a better dispersion, demonstrated by Valentini et al. [45], who sonicated fluorinated 
SWNTs into the epoxy. Similarly, Yan et al. [46] sonicated SWNTs with non-
covalently bonded amine groups on the surface into the epoxy. However, sonication is 
most commonly used to disperse nanotubes in the presence of a solvent, because the 
solvent offers a low viscosity advantage, a method called solvent aided dispersion [19, 
27, 47, 48], discussed in Section 1.3.2.2. Although sonication is an effective method 
for dispersion of nanotubes, all the energy is concentrated at the tip of the sonicator 
probe, creating an area of high energy with rapidly increasing temperature. This 
aggressive treatment easily damages and breaks nanotubes, deteriorating their 
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desirable electrical and mechanical properties [19]. This method is also restricted to 
small sample sizes only, therefore a different technique must be used for large scale 
processing [49].   
Another physical dispersion method is ball milling, commonly used to grind 
materials into a fine powder and in the presence of a solvent can enhance nanotube 
dispersability, but at the expense of tube length and possible chemical alteration of the 
nanotube backbone, which is especially critical for SWNTs [32, 50, 51]. An example 
of nanotube damage due to ball mill processing is shown in Figure 1.3. Figure 1.3a 
shows a TEM image of intact MWNTs before processing, and in 1.3b is another TEM 
image of MWNTs after being subjected to ball mill processing, which shows 
significant nanotube damage. High shear milling is an effective option for dispersing 
nanotubes [52], as is mechanical mixing [53], and manual mixing or magnetic stirring 
[54], however these methods will only partially debundle nanotube agglomerates. In 
order to create well dispersed high concentration nanotube-epoxy composites, some 
researchers used an infiltration method; replacing another polymer with epoxy [55], in 
the presence of a solvent [56], or with the use of a surfactant [57]. Nanotubes can also 
be stirred directly into the polymer matrix, in the presence of water [58] or solvent 
[59], controlled by the speed, size and shape of the propeller, but much like manual 
mixing [60], the tubes are not very well dispersed and tend to reagglomerate, limiting 
this method to higher concentration composites [19].  
Calendering, more commonly known as three roll milling, is a machine that 
consists of three adjacent cylindrical rollers, each of which rotate at different speeds  
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Figure 1.3: Evidence of MWNT damage from ball milling dispersion process. Figure 1.3A shows 
MWNTs before processing, and Figure 1.3B post processing [29].  
 
  
16 
 
and directions, shown in Figure 1.4. The shear forces created by the rollers can be 
used to mix, disperse and homogenize viscous media. The narrow gaps between 
rollers, which can be adjusted down to a few microns, combined with the mismatch in 
angular velocity of adjacent rollers result in locally high shear forces with a short 
residence time. The milling process can be repeated multiple times to maximize 
dispersion [49]. The use of three roll mill to disperse nanotubes in polymers is a recent 
application of this processing method, which is a promising approach to achieve 
relatively uniform dispersion without causing severe damage to the nanotubes. High 
shear stresses promote dispersion while the short residence time likely limits nanotube 
breakage [19]. However, some concerns regarding three roll milling as a processing 
method for nanotube dispersion in polymers are that the gaps between rolls are much 
larger than the nanoparticle size, suggesting that milling can only disentangle 
nanotube agglomerations into smaller ones on the microscopic scale, although some 
individual nanotubes may be dispersed in the process. Another concern is the viscosity 
limits of the instrument; although three roll milling is an excellent tool for processing 
high viscosity resins, the viscosity can significantly increase with the addition of 
nanoparticles, resulting in difficulty processing [23]. Three roll milling appears to be a 
promising dispersion technique as demonstrated by Gojny et al. in 2006 [61], 
synthesizing a SWNT-epoxy system and two more recent works concerning MWNT-
epoxy composites [49, 62].  
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Figure 1.4: Calendering or three–roll mill machine used for particle dispersion into a polymer 
matrix (left), and the general configuration and working mechanism (right) [23]. 
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1.3.2.2 Chemical Dispersion Techniques 
Many chemical dispersion techniques have also been used not only to disentangle 
the nanotube bundles but to also promote enhancement of the nanotube-polymer 
interface. The most commonly used chemical dispersion technique is solvent aided 
dispersion where solvents such as acetone, dimethyl formamide (DMF) or ethanol are 
chosen for their favorable interaction properties with the polymer matrix. The solvent, 
uncured polymer and nanotubes are mixed by a physical dispersion method and the 
solvent is later evaporated, leaving behind a well-dispersed network of tubes [47]. Li 
et al. [48], Loos et al. [63], Yu et al. [64], and Lau et al. [65] sonicated SWNTs 
directly into acetone solvent, slowly adding the epoxy and allowing the solvent to 
evaporate. Similarly, Bryning et al. [27], Feng et al. [66], Zhu et al. [12] and Yun et al. 
[67] used a DMF solvent, and Dai et al. [68], Kim et al. [69], Barrau et al. [70], and 
Wang et al. [71] sonicated in the presence of ethanol solvent.  While this is a reliable 
method for composite synthesis, the main drawback is that residual solvent adversely 
affects final material properties. In 2005, Lau et al. [47] investigated the effect of 
various solvents on the polymer network and determined that DMF has the most 
detrimental effect on the composite, followed by acetone, then ethanol.  
Unmodified nanotubes interact with the matrix through van der Waals interactions, 
and enhancing stress transfer from the polymer phase to the nanotube phase can be 
achieved by covalent or non-covalent modification of the nanotube. Nanotube 
functionalization enables the filler particle to bond directly to the epoxy matrix rather 
than remaining suspended within the network [30]. Covalent modification of the 
nanotube introduces functional groups, but at the expense of the sp2 hybridization 
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needed for the desirable electrical and mechanical properties [72] and inevitably 
creates surface defects that disrupt the π-electron system [19]. Functionalization of the 
nanotube wall can be carried out by halogenation [73-77], cycloaddition [78-81], or 
hydrogenation [82]. Some of the most common covalently bonded functional groups 
used for nanocomposites are amine (-NH2) [36, 46, 83], carboxyl (-COOH) [84], 
hydroxyl (-OH) [84], and oxidized nanotubes [85, 86], among others. In order to 
achieve covalent modification of the nanotubes, they are subjected to harsh acid 
treatments, high temperatures, and multiple rinse/purification steps, which can 
significantly shorten nanotube length [87]. Other functionalization techniques take 
advantage of any defect sites that previously exist on the nanotube backbone, and 
functionalize these sites by strong acids [88], oxidants [89], ozone [90, 91], or reactive 
plasma [92, 93]. Nanotubes modified by covalent functionalization exhibit enhanced 
dispersability and stress transfer, but at the expense of mechanical degradation and 
decreased aspect ratio [47], generally inhibiting composite performance [94].  
Less invasive non-covalent modification methods include polymer wrapping [5], 
non-ionic [95-98], anionic [99-101] and cationic [102-104] surfactants [29, 105], and 
kinetic trapping [52, 61, 106-109], all of which are achieved through van der Waals 
interactions between the nanotubes and the non-covalently bonded molecules [19]. 
Non-covalent modification methods do not compromise sp2 hybridization of the 
nanotubes, however the dispersability of non-covalently modified nanotubes depends 
on the chemical interactions between the surface modifying molecules and polymer in 
which the nanotubes will be dispersed [87].   
 
20 
 
1.3.3 Evaluating Dispersion 
Nanoscale dispersion is commonly evaluated by scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM); SEM allows researchers to view 
the surface of the material to observe filler pull-out or agglomerations, while TEM 
enables researchers to view filler morphology by an electron beam that penetrates a 
thinly-cut slice of the sample. Microscopy methods, benefits and challenges are 
discussed in Section 1.3.3.1. However, SEM and TEM evaluation of dispersion is 
purely qualitative, and in order to better characterize dispersion, quantitative methods 
are required. Percolation theory is a quantitative method used to measure nanoscale 
dispersion in a macroscopic sample by relating filler loading to electrical conductivity, 
a macroscopic property, discussed in Section 1.3.3.2.  
1.3.3.1 Scanning Electron Microscopy and Transmission Electron Microscopy 
SEM is a type of microscope that scans over the surface of a material with a 
focused beam of electrons that bounce off the surface at different angles according to 
surface morphology, giving the image its light and dark appearance. SEMs are capable 
of high magnification images, up to about 250,000x, which make it possible to image 
small diameter nanotube ropes [29, 110]. In the characterization of nanocomposites, 
SEM is most commonly used to differentiate areas of highly concentrated nanotubes 
(agglomerations), from well-dispersed areas [38] or neat resin [30, 55, 107], used to 
view the difference in high and low concentration nanocomposites [64] or observe 
fracture surface morphology and roughness. SWNTs have diameters on the order of a 
few nanometers, and MWNT have diameters up to a few hundred nm, which can 
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appear much larger after sputter coating in the preparation of SEM samples, limiting 
researchers from accurately determining nanotube diameter by SEM techniques or 
differentiating individual tubes from nanotube ropes. Similarly, fracture surfaces of 
nanotube composites reveal the ends of tubes penetrating the surface [25, 62], or 
complete tube pull-out [33, 43], which is useful in determining fracture mechanisms 
but difficult to accurately determine SWNT dimensions and morphology.  
TEM is a method by which a beam of electrons transmits an ultra-thin sample, and 
how the electrons interact with the sample produces an image on a fluorescent screen. 
TEMs are capable of much higher magnifications, up to 1-2 million times, which 
make it possible to view individual SWNTs, even at their incredibly small size [11, 
29]. TEM is most commonly used to image nanotubes in the presence of various 
dispersants [30], view degradation of tubes due to harsh physical and chemical 
treatment [19], and to assess dispersion in a polymer matrix by identification of 
individual nanotubes dispersed throughout the sample [43, 111]. However, TEM is a 
tedious method to use for characterization of materials, as sample preparation requires 
a skilled hand to microtome cross sections <100 nm thick, and the voltage of the 
apparatus can be strong enough to degrade the polymer matrix containing the 
nanotubes. 
1.3.3.2 Percolation Theory: Experimental Percolation Threshold 
Percolation describes the connectivity of filler objects within a composite network 
structure and the effects of this connectivity on the macroscale properties of the 
system. Percolation was originally described in the context of liquid traveling through 
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porous media, but has been expanded to other applications by elaborating on the 
statistical and geometrical relationships based on a lattice. Each site of a very large 
lattice is occupied randomly with probability p, independent of its neighbors. 
Percolation theory deals with the clusters thus formed, in other words the groups of 
neighboring occupied sites. The minimum concentration at which continuum 
connectedness is exhibited across the volume of the medium is the percolation 
threshold of the network [112].  
The relationship between geometrical and electrical percolation for nanotube-
polymer composites is based on the probability that electrically conductive nanotubes 
occupy a continuous geometric path that allows for tunneling of electrons between 
nanotubes [112]. Thus, electrical conductivity is a quantitative macroscopic method 
used to measure nanoscale dispersion in a material and relate it to filler loading [112, 
113]. In a composite material containing a filler with an electrical conductivity 
significantly higher than the insulating polymeric matrix, the material behavior is 
described by the abovementioned percolation phenomena [5, 29]. The percolation 
threshold occurs at a critical filler concentration at which the electrical conductivity 
increases sharply by several orders of magnitude, transitioning from an insulative to 
conductive matrix [38]. An ultralow critical percolation requires nanotubes to be 
homogeneously dispersed within the polymer matrix, creating a randomly oriented 
network of connective pathways that span the macroscopic sample [28, 112].  
Percolation theory deals with varying the number of interconnections present in a 
random system [13].  
At filler concentrations below the percolation threshold, filler particles are 
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dispersed throughout the insulative polymer matrix and do not interact with each 
other. Electrons are unable to travel through the polymer, resulting in a high resistivity 
and therefore the composite behaves as an insulator. At the critical percolation, the 
filler particles are abundant enough to create a network spanning the volume of the 
composite at a minimum distance between particles that allows electrons to move 
about from one filler particle to another via electron tunneling, which is reflected in 
the several order of magnitude increase in electrical conductivity. Finally, at filler 
concentrations above the percolation threshold, the composite is conductive, as there 
are an abundance of pathways available for electrons to travel throughout the material 
[5, 14, 15, 20, 28, 29, 68, 112]. The filler concentration at which the percolation 
threshold occurs is directly dependent on dispersion, aspect ratio, alignment, shape 
and geometry of the filler particles, [13, 16, 33, 113, 114]. Figure 1.5 illustrates the 
insulator-conductor transition in composite materials.  
Experimentally measured electrical conductivity (σ) is related to filler volume 
fraction (fφ) and critical percolation (fφc) of the material by the power law model 
[115]:  
𝜎 = 𝜎𝑜(𝑓𝜙 − 𝑓𝜙𝑐)
𝑛 (1.3) 
Where σ represents the network based property, electrical conductivity, σo is the 
critical constant, fφ is the filler volume fraction, fφc is the critical filler volume fraction, 
and n is the critical exponent [115]. The universally accepted value for the critical 
exponent is 2 for three-dimensional dispersions of high-aspect ratio tubes, but 
acceptable within the range of 1-3 [113], and the critical constant, σo, should be in  
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Figure 1.5: Percolation theory schematic for nanotubes in an insulating medium. 
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general agreement with the bulk electrical conductivity for nanotubes used in the 
study.  
The difference between theoretically and experimentally determined critical 
percolations will give an indication of how well dispersed the composite is. By 
minimizing the difference, the nanotubes are more effectively dispersed throughout 
the polymer matrix. 
1.3.3.3 Theoretical Percolation Threshold 
Theoretical approaches to percolation theory describe connectivity of filler objects 
within a composite network and the effects of this connectivity on the macroscale 
properties of the system [112]. The relationship between geometrical and electrical 
percolation for nanotube-polymer composites is based on the probability that particles 
occupy a continuous geometric path that allows for tunneling of electrons between 
nanotubes. Percolation threshold calculations for rigid rods in solution are generally 
based on continuum excluded volume models, operating in the semidilute regime in 
which rods have some rotational movement but limited by the presence of other rods 
[116]. Percolation threshold can be modeled using soft-core or hard-core particles. 
Soft-core, or interpenetrable particles allow rods to overlap and particles are 
considered to be “in contact” when the shortest distance between their centers is less 
than particle diameter. The overlap volume of particles is very small with respect to 
particle volume, and therefore negligible. Hard-core models consist of rigid rods with 
effectively uncorrelated contacts.  
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The stability of rigid rods in solution is dependent on the interactions between 
particles. The dominating interparticle interactions for carbon nanotubes are van der 
Waals forces. Particles in solution interact with each other via attraction/repulsion and 
effectively claim for themselves a greater volume than what each particle actually 
occupies. This space is the excluded volume, which is defined as the volume around 
an object in which the center of another similarly shaped object is not allowed to 
penetrate [117]. The description of particle movement with respect to the excluded 
volume model is defined by the semi-dilute regime, in which nanotubes possess some 
mobility in solution, but the rotation of each particle is restricted by neighboring 
particles. [116] Excluded volume of capped cylinders is shown below [117, 118]: 
〈𝑉𝑒𝑥〉 =  
4
3
𝜋𝐷3 + 2𝜋𝐷2𝐿 + 2𝐷𝐿2〈sin 𝛾〉 
(1.4) 
Where D is nanotube diameter, L is nanotube length, and <sinϒ> denotes the 
orientational average for all possible nanotube angles. For an isotropic system, <sinϒ> 
= π/4 [117, 118]. The excluded volume of capped cylinders results in a three 
dimensional capped parallelepiped twice as wide as the nanotube diameter, capped by 
four spherical sectors (first term in above equation) and four half cylinders (second 
term in above equation). The final term in the equation makes up the central 
parallelepiped of the solid excluded volume figure. Based on assumptions of non-
interacting rods, a random isotropic network, capped cylinders, and nanotube length is 
much greater than diameter, the excluded volume can be simplified to the following 
equation [117-119]:  
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〈𝑉𝑒𝑥〉 =  
𝜋𝐷𝐿2
2
 
(1.5) 
The critical percolation is calculated as the ratio of nanotube volume to the 
excluded volume:  
𝜑𝑐 =  
〈𝑉𝐶𝑁𝑇〉
〈𝑉𝑒𝑥〉
=  
𝜋𝑟2𝐿
(
1
2)𝜋𝐷𝐿
2
=  
𝐷
2𝐿
=
1
2𝛼
 
(1.6) 
This relationship further simplifies to scale percolation threshold with inverse 
aspect ratio, α, and holds true for high aspect ratio rods [113, 119]. 
As the desire for creating composites with enhanced electrical and mechanical 
properties at minimal filler loading becomes a more widely researched topic, literature 
has reported experimentally determined percolation thresholds lower than predictions 
by the excluded volume model. These works appear to be pushing the boundary with 
nanocomposite dispersion approaching the dilute regime.  
A modified model exists for determining percolation threshold for composites in 
the dilute regime, which stems from the excluded volume theory, and makes use of the 
interparticle distance model (IPD). This model is based on the assumptions that 
inclusions are cylindrical tubes, the composite is a perfect homogeneous dispersion, 
the inclusions are randomly oriented, and composites contain low concentrations of 
inclusions. The percolation threshold is determined by the ratio of nanotube volume to 
total volume [115]:  
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𝜑𝑐 =
𝑉𝑓𝑖𝑙𝑙𝑒𝑟
𝑉𝑡𝑜𝑡𝑎𝑙
=
𝑉𝑆𝑊𝑁𝑇
𝐿3
=
𝜋𝑑2𝑙
4
[〈cos2 𝜃〉 ∙ (𝑙 + 𝐼𝑃𝐷)]3
 
(1.7) 
where θ represents the angle between the nanotube and the direction of preferred 
orientation, and the angular brackets denote the orientation average. For a 3-
dimensional random homogeneous distribution, 〈𝑐𝑜𝑠2𝜃〉 =
1
3
. It is assumed that when 
IPD is equal to or less than 10 nm, electron hopping occurs in this dilute regime, 
resulting in a rapid increase in the electrical conductivity of the composite, according 
to the tunneling mechanism, and the filler content φ becomes the percolation threshold 
φc. Thus, IPD = 10 nm was used as the criterion for the calculation of percolation 
threshold. Nanotubes are much longer than 10 nm, therefore l >> IPD, subsequently 
simplifying the critical percolation to be inversely proportional to the square of 
nanotube aspect ratio, α2 [115]: 
𝜑𝐶 =
𝜋𝑑2𝑙
4⁄
(1 3⁄ 𝑙)
3 =
27𝜋𝑑2
4𝑙2
=
22.195𝜋
𝛼2
 
(1.8) 
This relationship results in a percolation threshold predicted to be about two orders 
of magnitude lower than predictions by the excluded volume model for high aspect 
ratio tubes. However, the work by Li et al. [115] only references one paper in their 
theoretical section, which is previous work by the same group deriving interparticle 
distance models for graphite composites. The interparticle distance model derivation 
for nanotube composites is not clearly provided nor referenced, and subsequently this 
article has led to significant confusion for researchers applying these methods to 
evaluate quality of experimental work.  
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One of the earliest works addressing an experimental percolation threshold less 
than values estimated by the excluded volume model was completed by Celzard et al. 
in 1996 [120]. Their group evaluated current literature regarding carbon fiber-polymer 
composites and compared the experimentally determined critical percolation to the 
excluded volume model. In most cases, the experimental findings were in agreement 
with the excluded volume model, but a few experimental percolation thresholds were 
lower than those calculated. Celzard et al. suggested that interactions between the 
polymer matrix and conducting particles influences the state of dispersion, and 
subsequently, critical percolation. The work by Bryning et al. [27] achieved ultralow 
percolation thresholds, and thoroughly explained that attractive interactions between 
filler particles (SWNTs) can lower the threshold when particles assemble to form long 
chains. However, they also added that their composite network was close to the dilute-
semidilute transition where rods have more rotational motion as compared to the 
semidilute regime described for the excluded volume model. Kovacs et al. (2007) 
[121] evaluated MWNT epoxy composites processed using different mixing speeds, 
and found the existence of two types of percolation thresholds. They claimed that the 
higher threshold is determined by statistical percolation theory and is unchangeable by 
processing methods. Statistical percolation predicts percolation threshold based on the 
excluded volume model for high aspect ratio tubes. The lower threshold is dependent 
on nanotubes, matrix and processing methods, and can be shifted to lower 
concentrations by stimulating particle flocculation and network formation. In 2008, 
Kyrykyuk et al. [122] applied continuum connectedness percolation theory to carbon 
nanotube-polymer composites and evaluated nanotube connectedness among other 
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parameters on the percolation threshold. Their calculations show that percolation 
threshold is sensitive to nanotube clustering and tunneling distance, which depends on 
a combination of the nanotube and matrix material properties. An estimate of 
tunneling length is predicted to increase with the dielectric constant of the host 
medium, decreasing the potential barrier between adjacent nanotubes.  
Bauhofer et al. [113] compiled a comprehensive list of nanotube-polymer 
composites and corresponding percolation thresholds. The authors found that with 
optimized dispersion methods a percolation threshold of ~0.1 wt% nanotubes (for high 
aspect ratio of 1000) might be obtainable for almost any nanotube/polymer system. 
This relationship is referred to as statistical percolation, and is based on the excluded 
volume model. Percolation thresholds less than 0.1 wt% are attributed to kinetic 
percolation which allows particle movement and reaggregation. This particle 
movement can be caused by diffusion, convection, shearing, or external fields. Min et 
al. [123] suggested that low thresholds are attributed to electron hopping, while many 
other investigators focus on dispersion arguments. However, the assumption of non-
interacting rods in the excluded volume model already suggests that composites 
conduct via the electron tunneling mechanism (electron hopping), and many 
publications describe this phenomena. Most recently, Mutiso et al. [124] conducted 
Monte Carlo simulations and determined that percolation threshold is sensitive to 
polydispersity of filler particles, which is an important point, as most commercially 
available nanotubes will have a range of dimensions, and are subject to shortening 
during composite processing.   
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1.3.3.4 Experimental Percolation Thresholds Presented in Literature 
Experimentally determined percolation threshold is dependent on nanotube type, 
aspect ratio, and choice of matrix, but most importantly, the processing methods used. 
As previously discussed, there exists a tradeoff between subjecting the nanotubes to 
effective dispersion processes which often impart irreversible damage to the nanotube, 
degrading the desirable electronic and mechanical properties. Tables A.1 and A.2 in 
Appendix A contain a comprehensive summary of experimental percolation thresholds 
reported in literature for SWNT- and MWNT-epoxy composites, respectively. A few 
notable works are discussed below.  
The lowest percolation threshold achieved for SWNTs dispersed in epoxy was 
obtained by Bryning et al. in 2005 with a value of fφc = 0.005 wt% SWNTs [27]. The 
resin used in this work was Epon 828 cured with Epikure 3234 (triethylenetetramine). 
Two types of nanotubes were used: laser-oven tubes (ℓ=516 nm, d=1.35 nm) and 
HiPCO tubes (ℓ=167 nm, d=1.1 nm). A dilute (0.004 wt%) metastable dispersion of 
pure SWNTs in N,N-dimethylformamide (DMF) was prepared by sonication. 
Nanotube aggregation was observed when the sonicator is turned off. The dilute 
SWNT/DMF solution was added stepwise to the epoxy, inhibiting formation of new 
aggregates, and DMF was evaporated. An aliphatic amine crosslinker was added, and 
the solution was separated into two batches. The first batch (non-sonicured) was cured 
in a hot water bath, while the second batch (sonicured) was cured in a sonicator bath. 
Percolation threshold was determined as the concentration at which an increase of 2-6 
orders of magnitude in electrical conductivity was observed. The sonicured 
composites exhibited an increase in percolation threshold because the sonication 
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disaggregated and homogenized the SWNTs better just prior to cure, but more 
aggregated composites percolated more readily. The higher aspect ratio laser oven 
SWNT composites had a two-fold decrease in percolation threshold, a trend that is 
qualitatively consistent with expectations of simple models for percolation in random 
rod networks, which scale with rod length and diameter. These ultralow percolation 
thresholds are attributed to attractive interactions between nanotubes that can lower 
threshold concentrations when particles assemble to form long chains. Figure 1.6 
contains experimental data and percolation thresholds for composites prepared using 
laser oven and HiPCO nanotubes, as well as sonicured and non-sonicured composites. 
The lowest percolation threshold was achieved for non-sonicured laser oven SWNTs 
with a value of 0.005 wt% SWNTs.  
A percolation threshold of 0.005 wt% MWNTs, matching the best results for 
SWNT composites, was obtained by Sandler et al. [107] in 2003. This work used 
aligned CVD-grown MWNTs. The resin used in this study was bisphenol A epoxy and 
amine hardener (Araldite LY 556 and Araldite HY 932). MWNTs were mixed directly 
into epoxy by shear intensive mechanical stirring using a revolver disk, and decreased 
the temperature over an ice bath to increase the shear forces imparted on the solution 
in order to enhance dispersion. The amine hardener was added before cure. During the 
final processing step in preparing these composites, rapid nanotube agglomeration 
occurs, observed via optical microscopy images. The aligned MWNTs agglomerate 
much more easily when they are separated. The use of aligned MWNTs in this study 
led to a uniquely low percolation threshold, one order of magnitude smaller than that 
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Figure 1.6: Conductivity, σ, as a function of SWNT volume fraction, φ, for non-sonicured and 
sonicured laser oven and HiPCO nanotube composites. Wavy vertical lines on the charts indicate 
approximate transitions from dilute to semi-dilute regimes, and solid vertical lines indicate semi-
dilute to concentrated regimes. Each point represents a composite measurement; filled circles 
were measured using a four-point method, and open circles were measured using the two-point 
method. Connecting all points results in a complete percolation curve [27].  
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achieved using entangled tubes. To clarify, the nanotubes are not aligned within the 
composite; alignment refers to the state of the nanotubes upon synthesis.  
A few years later, Moisala et al. [52] used the same high shear mixing procedure 
by Sandler et al. described above. The only modification to the procedure was that at 
nanotube concentrations above 0.1 wt%, all processing was carried out at 80˚C to 
reduce viscosity and make composites more processable. The resin used in this study 
was bisphenol A epoxy and aromatic amine (Araldite LY 556 and Araldite XB 3437). 
Both SWNTs and MWNTs were evaluated in this study, and yielded some interesting 
results. MWNTs were produced by aligned-CVD growth, while SWNTs were 
received in a heavily entangled state. Immediately following composite processing, 
MWNT composites showed macroscopic agglomeration, while SWNT composites did 
not. Composites were prepared over a range of concentrations, and percolation 
threshold was determined to be 0.005 wt% for MWNTs, and 0.23 wt% for SWNTs. 
Concentrations of nanotubes required for electrical percolation is much lower than 
would be predicted for isotropic networks, especially in the case of MWNTs. This 
discrepancy is explained in terms of nanotubes aggregating in a highly local scale 
before the matrix vitrifies. SWNT composite percolation threshold was lowered to a 
value of 0.05 wt% with chemical treatment of SWNTs by sonicating in ethanol 
solution saturated with sodium hydroxide. However, MWNT composites still have a 
lower percolation threshold, which is not the expected outcome due to the significantly 
higher aspect ratio of SWNTs. The lower percolation threshold of MWNT composites 
is attributed to nanotube synthesis method, as aligned nanotube arrays are much more 
easily dispersed than SWNTs synthesized in the form of highly entangled bundles.  
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In 2007, Kovacs et al. [121] published the first experimental evidence of two 
percolation thresholds. This work demonstrated that conductivity measurements at 
concentrations greater than statistical percolation threshold show a power law 
dependence of conductivity on filler concentration that is independent of processing 
conditions. The resin used in this study was bisphenol A epoxy and amine hardener 
(Araldite LY 556 and Araldite XB 3437). Composites were prepared from a 
MWNT/epoxy master batch prepared with a dissolver disk at 2000 rpm for 2 hours. A 
small quantity would be extracted from the master batch at a time, and epoxy and 
amine would be added in appropriate amounts to achieve the desired MWNT content. 
The solution was stirred at 50, 500, or 2000 rpm, denoted as slow-stir (SS), medium-
stir (MS) and fast-stir (FS). The lowest percolation threshold was achieved for SS 
composites with a value of 0.011 wt% MWNTs. MS and FS composites resulted in 
percolation thresholds of 0.024 wt% and 0.08 wt% MWNTs, respectively. The low 
percolation thresholds achieved are a result of kinetic processes. Light microscopy 
detects the emergence of flocs and a formation of a superstructure for all composites. 
Figure 1.7 shows these light microscopy images, with composite mixing speeds in 
each row, and MWNT content varied in the columns. This study concluded that the 
existence of two types of percolation thresholds is a characteristic feature of composite 
materials that possess low liquid viscosity during processing. The lower (kinetic) 
percolation threshold can be shifted down to lower concentrations by stimulating 
particle flocculation and network formation, with evidence provided by light 
microscopy. Statistical percolation is a theoretical value that represents the lower limit 
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Figure 1.7: Light microscopy images (7.5 mm in width and 5.5 mm in height) of 0.5 mm thick 
samples from each preparation method (rows) and with different nanotube concentrations 
(columns) [121].  
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at which a conducting network develops due to contacts between homogeneously 
dispersed immobile particles. Below this concentration in a mobile (liquid) network, 
the supernature of flocs is able to retain a certain level of conductivity. Therefore, 
thresholds below 0.1 wt% nanotubes are of dynamic origin. Flocculation generates 
percolation thresholds that can no longer be explained by statistical percolation theory, 
and colloid theory needs to be applied to truly understand the particle-matrix 
interactions. 
Kovacs et al. continued their work to analyze the statistical and kinetic percolation 
thresholds and maximum electrical conductivities of nanotube-epoxy composites as a 
function of shear forces, processing conditions, nanotube type and dimensions [125]. 
The resin used in this study was bisphenol A epoxy and amine hardener (Araldite LY 
556 and Araldite XB 3437). Two types of MWNTs were used: ACVD nanotubes with 
α = 625 and CCVD nanotubes with α = 8300. Composites were prepared similarly to 
the previous procedure described above. Studies found that composites prepared using 
SS methods at elevated temperatures resulted in the lowest percolation thresholds, 
while no-stir samples coincide with values expected for statistically distributed 
particles of respective aspect ratio. The thresholds can be further lowered through 
shear forces, giving rise to a lower, kinetic percolation threshold. For all MWNT 
types, there appears to be a comparable influence of shear forces on the kinetic 
percolation threshold, and nanotubes with a larger aspect ratio were found to have a 
lower percolation threshold. Nanotube entanglement was found to have no influence 
on the kinetic or statistical percolation threshold. The lowest percolation threshold 
achieved in this work was for CCVD-aligned grown MWNTs with an aspect ratio of 
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8300, prepared using the slow-stir method, obtaining a percolation threshold of 0.0024 
wt% MWNTs, to date the lowest percolation threshold presented in literature for 
MWNT-epoxy composites.  
Rosca et al. [126] evaluated the effect of nanotube length and diameter 
distributions on composite conductivity, and used an Epon 862 resin cured with 
Epikure W for the studies. MWNTs were sonicated in deionized water with Triton X-
100, and length and diameter were determined by SEM. Composites were prepared by 
sonicating MWNTs in DMF, collecting the nanotubes and dispersing into the epoxy 
and curing agent using a three roll mill at different shear intensities. A few different 
types of MWNTs were evaluated from various suppliers and generally found that 
nanotube diameter was in good agreement with manufacturer specifications, but length 
was significantly shorter than specified. The studies found that highest conductivity 
was obtained by three passes at medium milling intensity in the three roll mill. Lower 
shear intensities would lead to insufficient dispersion, and higher shear intensities or 
greater number of passes would lead to over-processing, negatively impacting 
composite electrical conductivity. Nanotube aspect ratio has an important effect on 
percolation threshold, the composites prepared with highest aspect ratio tubes 
(α=289.4) resulted in electrical conductivity almost 10 times higher than those with 
lowest aspect ratio (α=52.7). The corresponding percolation thresholds for highest and 
lowest aspect ratio tubes are 0.0117 wt% and 0.1883 wt% MWNTs, respectively.  
Hollertz et al. [127] fabricated composites using industrially relevant processes; 
high pressure homogenization (HPH) and three roll milling (3RM). Composites were 
prepared over a range of concentrations (0.0021-5.0 wt% MWNTs) using Epikote 
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828LVEL epoxy and aromatic diamine Epikure 3402 curing agent. MWNTs were 
initially dispersed in acentone via ultrasonication and the suspension was mixed with 
epoxy via HPH, 3RM or both, and acetone was evaporated prior to cure. Figure 1.8 
shows TEM images of composites prepared using the three aforementioned methods. 
The middle image shows many shortened MWNTs from processing by both HPH and 
3RM. HPH best preserved nanotube length, followed by 3RM, meanwhile the 
combined processing causes the most damage to nanotubes. Upon cure, secondary 
agglomeration was observed, and is believed to be a temperature dependent process, 
and all processing methods showed similar effects. The lowest percolation threshold 
was achieved for HPH processed composites, with a value of 0.008 wt% MWNTs. 
3RM and HPH/3RM processed composites resulted in percolation thresholds of 0.020 
wt% and 0.054 wt% MWNTs, respectively. This suggests that nanotube morphology 
as determined by processing method and nanotube length have a great influence on 
composite conductivity. Longer nanotubes provide percolating paths with fewer 
contact points and therefore lower the overall resistance.  
Mehdipour et al. [128] carried out similar work to Rosca et al., and evaluated the 
effect of nanotube dimensions on composite electrical properties. The resin used in 
this study was Epon 862 cured with Epikure W. MWNTs from several suppliers were 
evaluated, with aspect ratios ranging from 52.7 (from Bayer Material Science) to 
289.4 (from Nanolab). Nanotubes, epoxy and curing agent were mixed via three roll 
mill, and degased prior to cure. This work found a trend identical to Rosca’s work: 
increased aspect ratio results in lower percolation thresholds. Percolation thresholds 
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Figure 1.8: TEM micrograph of (a) 0.5 wt% MWNT-epoxy composite processed by high pressure 
homogenization, (b) 0.5 wt% MWNT-epoxy composite processed by high pressure 
homogenization and three roll milling, and (c) 0.5 wt% MWNT-epoxy composite processed by 
three roll milling [127].  
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for MWNTs with aspect ratios of 289.4, 71.4 and 52.7 were 0.012 wt%, 0.097 wt%, 
and 0.188 wt% MWNTs, respectively. This study also evaluated the electromagnetic 
shielding effectiveness of the composites and found that an increase in aspect ratio of 
up to 5.5 times resulted in an increase in shielding effectiveness of the corresponding 
composite by more than 40 decibels.  
Spitalsky et al. [85] achieved the lowest percolation threshold for functionalized 
nanotubes, with a value of 0.012 wt% oxidized MWNTs. The resin used in this work 
was Epikote 828 and cycloaliphatic amine curing agent Epikure F205. MWNTs were 
oxidized my ammonium hydroxide/hydrogen peroxide solution. The epoxy and amine 
were dissolved in acetone, MWNTs were added and the solution and sonicated. The 
acetone was evaporated prior to cure. Electrical conductivity was measured by AC 
impedance as a function of frequency. Composites below the percolation threshold 
exhibited a response identical to that of the unmodified matrix, while composites with 
MWNT content above percolation threshold exhibited electrical conductivity versus 
frequency that follows the “Random Free Energy Barrier Model” and conductivity 
increases by several orders of magnitude. The concentration at which the composite 
response to AC impedance changes is determined to be the percolation threshold.  
1.3.4 Ionic Liquid Dispersant 
Room temperature ionic liquids (RTIL) are organic salts that remain liquid at room 
temperature. They were discovered at the beginning of the 20th century and have 
gained considerable recent attention as a versatile class of organic liquid salts with a 
wide variety of applications. Ionic liquids interact via van der Waals forces rather than 
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ionic bonds and consist of poorly coordinated ions and ion pairs. The versatility of 
ionic liquids arises from its unique properties: they possess moderate polarity, low 
viscosity, low vapor pressures, do not crystalize at ambient conditions, have high ionic 
but low electrical conductivities, and good thermal and chemical stability  [129-131].  
Some RTILs such as 1-ethyl-3-methylimidazolium dicyanamide pictured in Figure 
1.9 serve as a solvent to many organic and inorganic materials, as well as polymers 
and various particles [132]. In particular, imidazolium-based ionic liquids serve as 
effective dispersants for carbon-based nanoparticles [132, 133], interacting with 
nanotubes through weak van der Waals interactions [134-137].  
Imidazolium-based RTILs are able to dissolve a high content of nanotubes, and the 
addition of nanotubes does not significantly perturb the local structure of the 
imidazolium cations, while the local environment of the anions may be changed in 
nanotube-IL gels. The overall organization of the ionic liquids is relatively unchanged 
by the addition of nanotubes, which is attributed to the strong long-range electrostatic 
interaction between the imidazole and anion in the ionic liquid [129].  
Nanotube bundles are tightly bound by π-π stacking interactions, making it very 
difficult to disperse nanotubes by ordinary solvents. The π-π stacking is proposed as 
an electrostatic interaction in which the π orbitals on adjacent molecules orient to 
maximize the opposing σ-π attractive interactions and minimize the opposing π-π 
repulsive interactions [138, 139]. When nanotubes are mixed with IL and shear forces 
are applied, the shear forces are responsible for nanotube dispersion,  disrupting the π- 
π stacking that holds tubes together in bundles by non-covalent interactions [129, 
132]. Knowledge of strength of interactions between nanotubes and organic molecules 
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Figure 1.9: 1-ethyl-3-methylimidazolium dicyanamide. 
 
 
 
 
Figure 1.10: Ionic liquid dispersion of nanotubes. 
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remains scarce; however nanotubes possess strong adsorption affinity for a wide 
variety of organic compounds. The nanotube surface is inherently negatively charged 
due to sp2 hybridization, which is why nanotubes possess attractive forces for the 
imidazolium cation. IL adsorbs onto nanotube surface via π-π interactions and 
prevents reagglomeration [140]. As each individual nanotube leaves a bundle, it is 
immediately surrounded by the IL whose dielectric constant is high enough that it 
prevents re-agglomeration of the nanoparticles [129], and therefore a π-π interaction 
shielding model has been proposed to account for the dispersion of carbon nanotubes 
in ILs [140]. A schematic of IL dispersion of SWNTs is illustrated in Figure 1.10. 
Potential benefits of IL as a dispersant include minimized mechanical degradation of 
SWNTs, retaining their desirable intrinsic properties [135].  
1.3.5 Ionic Liquid Thermally Latent Cure of Epoxy Resin 
Room temperature ionic liquids containing a dicyanamide anion behave as 
thermally latent initiators for anionic polymerization of epoxy resins. Furthermore, 
concentration of ionic liquid can be used to influence cure behavior and properties of 
the resulting polymer network [141]. Specifically, 1-ethyl-3-methylimidazolium 
dicyanamide ([emim]N(CN)2) is capable of simultaneously dispersing nanotubes and 
initiating anionic polymerization of diglycidyl ether of bisphenol A (DGEBA).   
The proposed reaction mechanism for the anionic homopolymerization of an 
epoxide by EMIMDCN proceeds by a suggested two stage process.  The first step is 
the formation of imidazolium derived carbine; upon the addition of heat, a proton  
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Figure 1.11: Upon addition of heat proton transfer results in carbene formation. Carbene attacks 
base of epoxy ring resulting in ring opening substitution which leads to formation of adduct in 
EMIMDCN anionic polymerization of an epoxide [142]. 
 
 
 
 
 
 
 
Figure 1.12: Chain extension by etherification, forming the EMIMDCN-epoxy polymer [142]. 
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transfer from the imidazolium cation to the dicyanamide anion occurs to form a 
carbene. The carbene subsequently attacks the base of the epoxy ring resulting in 
epoxy ring opening substitution and the formation of a zwitterion containing a highly 
reactive alkoxide. This structure, as pictured in Figure 1.11, is the proposed adduct, 
the first step in the proposed reaction mechanism.   
 
Alkoxide zwitterions continue to initiate anionic polymerization of epoxy by 
attacking the epoxide ring and proceeding into an etherification reaction, resulting in 
chain extension. The new zwitterion on the growing chain will initiate the continuing 
chain extension, illustrated below in Figure 1.12 [142].  
1.3.6 Mechanical Reinforcement of Composites 
There is a growing body of evidence that nanotubes possess extraordinary 
electrical and mechanical properties, which has led to increasing interest in their use as 
a reinforcing filler for advanced composite networks. A multitude of reports provide 
values for composite mechanical property enhancement, including Young’s modulus, 
tensile strength, and fracture toughness, but results remain scattered and do not 
provide a solid conclusion.  
The first report of a nanotube-reinforced epoxy composite was published by 
Schadler et al. in 1998 [143], demonstrating a 20% increase in Young’s modulus with 
5 wt% inclusion of multi-walled carbon nanotubes. In this context, much progress has 
been made in the past 15 years as nanocomposite preparation techniques have 
matured. However, there has been limited success in translating the nanoscale 
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properties to structural composites with significantly enhanced mechanical properties. 
These shortcomings in mechanical property improvements continue to be attributed to 
poor dispersion of the filler [5, 29, 144] and poor stress transfer from the polymer to 
the dispersed filler phase [26, 56, 110, 144]. Other important processing issues to 
overcome are tube cleavage, entanglement, distribution and orientation [21, 145, 146].  
1.3.6.1 Young’s Modulus 
Young’s modulus is the measure of a materials’ tendency to be deformed 
elastically when a force is applied to it, and is a ratio of the stress to strain. Stress is 
the quantity of force that neighboring particles of a continuous material exert on each 
other, and strain is the normalized measure of deformation representing the 
displacement between particles in the body relative to a reference length.   
Carbon nanotube-epoxy composites presented in literature cover a wide range of 
nanotube concentrations, and compiled in Tables B.1 and B.2 in Appendix B is a 
comprehensive summary of experimentally determined Young’s modulus 
enhancements for SWNT-epoxy and MWNT-epoxy composites presented in literature. 
Mechanical property enhancements are best reported as percent increase, since epoxy 
network, hardener and nanotube specifications vary widely among literature reports. A 
few literature reports detailing Young’s modulus enhancements are discussed.  
One of the most significant enhancements in Young’s modulus was reported by 
Loos et al. in 2008 [63], reporting a Young’s modulus increase just short of 500% at a 
SWNT concentration of only 0.25 wt%. The polymer matrix used was bisphenol-A 
based epoxy (Araldite GY 251) cured with an amine-based hardener (Aradur HY 956). 
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SWNTs were dispersed in acetone via ultrasonication before the epoxy was added and 
the composite was further processed. This study evaluated matrix stiffness on tensile 
properties and subsequently used two different curing cycles. In both cases the epoxy 
was cured under vacuum for 24 hours (temperature not specified); Cycle 1 was post-
cured at room temperature and pressure for 35 hours, while Cycle 2 was subjected to 
identical conditions for 135 hours. Composites prepared using Cycle 1 have lower 
crosslinking density. The use of a rubbery epoxy matrix for composite fabrication 
resulted in a modulus increase from 258 MPa to 1535 MPa, corresponding to a 495% 
increase at 0.25 wt% SWNTs. Despite the impressive increase in modulus, this is a 
direct result of the rubbery epoxy matrix, which is not desirable for weight-bearing 
applications.  
Q. Wang et al. [147] demonstrated a 112% increase in Young’s modulus at a 
SWNT concentration of 3.0 wt%. The resin used in this study was bisphenol-A type 
epoxy resin (E-51) cured with N,N-dimethylbenzylamine, and used nitric acid-treated 
quasi-straight SWNTs. Nanotubes were dispersed in ethanol via ultrasonication, and 
the composite was prepared by solution casting. This significant enhancement in 
Young’s modulus is a result of nanotube alignment, which was achieved by stretching 
the material with a draw ratio of 50 before it was dried, folded and stretched 
repeatedly for 100 times. The composite exhibited anisotropic properties; for example 
at 1.0 wt% SWNTs, YM enhancements parallel and perpendicular to nanotube 
alignment exhibited 50% and 20% increases, respectively. At the same SWNT 
content, a randomly dispersed composite exhibits a 26% increase in YM over the 
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unmodified network. These results demonstrate the effect that anisotropic nanotube 
composites have on final composite mechanical properties.  
The most significant improvement in Young’s modulus of a true randomly 
oriented SWNT network in a fully-cured epoxy matrix was achieved by Yuan et al. in 
2010 [148]. The matrix used was a thermosetting resin blend of cyanate ester and 
epoxy (70/30 by weight), with the use of a reactive comb-like polymer polyimide-
graft-bisphenol A diglyceryl acrylate (PI-BDA) which played a role in non-covalently 
functionalizing SWNTs. SWNTs were dispersed in a mixture of PI-BDA and 
dimethylformamide (DMF) via ultrasonication before being added to the resin. The 
material was spun to create composite fibers ~60-70 microns in diameter. At a SWNT 
concentration of 1 wt%, the Young’s modulus of the composite fibers increased from 
2.6 to 4.7 GPa, corresponding to an 80% increase. Although this is a valid example 
nanotube reinforcement, if this material were to be evaluated as a bulk composite, it 
will likely behave differently. SWNT concentrations above 1.0 wt% did not result in 
any further Young’s modulus enhancement.  
S. Wang et al. [71] used epoxide-grafted SWNTs to enhance the Young’s modulus 
of a benzoyl peroxide-cured glycidyl methacrylate (GMA) network. SWNTs were 
ground in the presence of chloroform prior to stepwise addition of curing agent and 
epoxy, and ultrasonicating the mixture. The addition of 1.0 wt% epoxide grafted-
SWNTs resulted in Young’s modulus increase from 2.0 GPa for the unmodified 
network to 3.2 GPa for the composite, a 60% increase. These are only a few of the 
notable examples of SWNT-epoxy Young’s modulus enhancements, and the full 
compilation of information is included in Table B.1 in Appendix B.  
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   Table B.2 in Appendix B contains a literature summary of MWNT-epoxy 
composites, and the most significant increase in Young’s modulus was reported by 
Allaoui et al. in 2002 [149]. Composites were fabricated using a rubbery epoxy and 
over aged hardener, with a 15:2 ratio of bisphenol A-epicholorohydrin to 
triethylenetetramine. MWNTs were dispersed in methanol under magnetic agitation, 
dried to a fine powder, then added to epoxy/hardener and manually homogenized. The 
Young’s modulus achieved for the neat epoxy system was 0.118 GPa. With the 
addition of 1.0 and 4.0 wt% MWNTs, the moduli increased to 0.236 and 0.465, 
corresponding to 100% and 294% increases, respectively. The impressively large 
increases in modulus are the result of choosing an overaged hardener, which results in 
a relatively soft and ductile epoxy matrix which is rubbery at ambient conditions. 
While these methods result in significant Young’s modulus improvements, rubbery 
matrices are not desirable for load-bearing applications.  
Similar to the SWNT-epoxy work by Loos et al. [63], in 2006 Ci and Bai [150] 
investigated the effect of different matrix stiffness on the mechanical properties of the 
composite network. To prepare the composite, MWNTs were mechanically stirred in 
the bisphenol-A based epoxy before adding the triethylenetetramine hardener. In order 
to determine the effect of different matrix stiffness on the mechanical properties, 
MWNT concentration remained constant at 0.5 wt%, and monomer and curing agent 
were combined in varying ratios to create “soft” (ductile) and “hard” (stiff) matrices. 
Soft matrices exhibited a substantial improvement in Young’s modulus, from 0.15 
GPa for neat systems to 0.44 GPa for composite systems (193% increase), while the 
most ductile matrix exhibited an unmodified system modulus of 2.45 GPa, and the 
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corresponding ductile composite modulus was 2.44 GPa. The significance of this work 
is that it illustrates the effect of matrix properties on final composite performance, as 
well as nanotubes exhibit a much more significant reinforcing effect in soft matrices.  
Breton et al. [151] evaluated the effect of different MWNTs on composite 
performance. MWNTs were grown in two ways: catalytic decomposition of acetylene 
in CoxMg(1-x)O solution (Type I), and another was grown on a catalyst made of 
Co/NaY (Type II). Type I MWNTs had oxygenated groups grafted on the surface. 
Composites were prepared by sonicating MWNTs directly into CIBA-GEIGY LY 
5052 (butanediol diglycidylether) epoxy resin, and HY 5052 (4,4-diamino-3,3-
dimethyldicyclohexylmethane) amine hardener was added post-processing. The 
Young’s Modulus of the neat epoxy system was 3.1 GPa, and at 3 wt% MWNT 
content, composites of Type I and Type II MWNT exhibited Young’s modulus values 
of 3.66 and 3.85 GPa, respectively (18% and 24% increase). Maximum increase in 
modulus is achieved with 6.0 wt% Type II MWNTs, resulting in Young’s modulus of 
4.13 GPa, a 33% increase, highlighting the benefit of functionalized nanotubes in 
composite performance for this particular network.  
Hadavand et al. [152] evaluated the performance of pure and acid functionalized 
MWNTs. Nanotubes were ultrasonicated in epoxy polysulfide resin and degassed, 
then aliphatic amine hardener was added and mixed at low speed before cure. The 
unmodified resin has a Young’s modulus of 406 MPa, and at 0.3 wt%, pure and acid-
treated MWNT composites resulted in moduli of 523 and 723 MPa, respectively. 
These results correspond to 29 and 78% increases. Although the authors suspect the  
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Table 1.2: Mechanical property enhancement with different nanotube fillers [153]. 
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acid-functionalization procedure to cause damage to the MWNTs, the enhanced 
interface between the nanotube and resin is the proposed reason for the significant 
enhancement in Young’s modulus. 
One of the most commonly cited reports of nanotube-epoxy composites is by 
Gojny et al. [153], published in 2005. The authors investigated the effect of different 
types of nanotubes on mechanical properties of epoxy matrix composites. The matrix 
used in this study was modified DGEBA-based epoxy resin (L135i) cured with an 
amine hardener (H137i). All composites investigated in this study were manufactured 
in the same way: carbon nanotubes were first manually mixed directly into epoxy, 
then added batch-wise to a mini calendar (5 µm gap) for final high shear mixing. The 
suspension was collected, hardener was added, and the composite cured. The five 
different types of nanotubes investigated were purified SWNTs, purified and amino-
functionalized DWNTs, and purified and amino-functionalized MWNTs. The Young’s 
modulus of the unmodified epoxy network was 2599 MPa, and the greatest increase in 
modulus resulted from the addition of 0.5 wt% DWNTs-NH2, 2978 MPa, a 15% 
increase. A complete table of findings from this work is included in Table 1.2, and in 
all cases, amino-functionalization improved the dispersability of nanotubes and 
resulted in greater enhancements in mechanical properties.  
1.3.6.2 Tensile Strength 
Tensile strength is the measure of the maximum stress a material can withstand 
before necking or breaking, also defined as the resistance to plastic deformation. 
Fracture is significantly affected by flaws or defects from which fracture invariably 
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ensues, and strength of a solid material depends on the strength of its interatomic 
forces or bonds. Epoxies are generally brittle materials, and nanotubes can provide 
strengthening effects in composites by introducing intrinsic obstacles that hinder or 
block dislocations. MWNTs have among the highest tensile strength (UTS), measured 
to be up to 63 GPa, and nanotubes containing functional groups that are able to react 
with the matrix to provide an even better strengthening effect, enabling direct stress 
transfer from the polymer phase to the nanotube phase during deformation [24]. 
Tables B.3 and B.4 in Appendix B contain comprehensive summaries of tensile 
strength enhancements of SWNT-epoxy and MWNT-epoxy composites presented in 
literature, respectively. A few literature reports of UTS enhancements are discussed in 
this section.  
Z. Yang et al. [154] evaluated the effect of matrix glass transition on the 
reinforcement efficiency of SWNT and MWNT epoxy composites. Epoxy resin was 
cured by two different amine curing agents, Jeffamine D-230 and D-2000 at 
stoichiometry to achieve matrices with different properties. To prepare composites, 
nanotubes were stirred into epoxy at an elevated temperature to disentangle large 
agglomerates followed by ultrasonication for an hour. The UTS of the unmodified 
glassy matrix (prepared with D-230) was 60.42 MPa, and increased to a maximum of 
61.53 MPa for the composite containing 1 wt% MWNTs. The UTS of the unmodified 
rubbery matrix (prepared with D-2000) was 0.828 MPa, and maximum UTS 
enhancement resulted in 1.43 MPa at a concentration of 4 wt% SWNTs, a 72.7% 
increase. The rubbery composites also exhibited a considerable percent elongation 
greater than 20%, while the glassy matrix composites exhibited a decrease. Generally, 
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it was observed that the SWNTs reinforced epoxy more effectively than MWNTs at 
the same filler content. In addition a more pronounced reinforcing effect was seen in 
the rubbery matrix, due to improved dispersion in the less viscous rubbery matrix and 
the elongation of the matrix was strongly affected by the reinforcement of these fillers.  
Q. Wang, et al. [147] evaluated the effect of nanotube alignment on composite 
behavior. The resin used in this study was bisphenol-A type epoxy resin (E-51) cured 
with N,N-dimethylbenzylamine, and used nitric acid-treated quasi-straight SWNTs. 
Nanotubes were dispersed in ethanol via ultrasonication, and the composite was 
prepared by solution casting. The UTS of the unmodified matrix is 8 MPa, and in the 
direction of SWNT alignment the UTS increased significantly, up to 36 MPa at 10 
wt% SWNTs, corresponding to a substantial 350% increase in UTS. However, this 
impressive enhancement in strength is an isotropic property, and in the direction 
perpendicular to nanotube alignment, the UTS initially increased up to 10 MPa at 2 
wt% SWNTs, but with further increases in the nanotube content the UTS decreases. At 
about 6 wt% SWNTs the UTS drops below that of the unmodified network, indicating 
that the large weight fraction of SWNTs usually leads to flocculation of nanotubes that 
is detrimental to the mechanical properties. At the maximum nanotube content of 10 
wt%, the UTS in the direction perpendicular to nanotube alignment dropped as low as 
4 MPa.  
Loos et al. [63] evaluated matrix stiffness on tensile properties and subsequently 
used two different cure cycles. The polymer matrix used was bisphenol-A based epoxy 
(Araldite GY 251) and an amine-based hardener (Aradur HY 956). SWNTs were 
dispersed in acetone via ultrasonication before the epoxy was added and the composite 
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was further processed. In both cases the epoxy was cured under vacuum for 24 hours 
(temperature not specified); Cycle 1 was subsequently post-cured at room temperature 
and pressure for 35 hours, while Cycle 2 was subjected to identical conditions for 135 
hours. Composites prepared using Cycle 1 exhibit lower crosslinking density. This 
study found that reinforcement effect of nanotubes tends to decrease with increase in 
matrix stiffness. The tensile strength of the unmodified matrix prepared using Cycle 1 
was 2.2 MPa, and the corresponding 0.5 wt% SWNT composite resulted in a tensile 
strength of 13.0 MPa, a 490% increase. The tensile strength of the unmodified matrix 
prepared using Cycle 2 was 8.5 MPa, and the corresponding 0.5 wt% SWNT 
composite resulted in a tensile strength of 28.2 MPa, a 232% increase. The fact that a 
more efficient reinforcement with SWNTs is obtained for matrices with lower 
crosslinking degree may be an indication that shorter epoxy chains could better 
interact with nanotubes, possibly by embedding and coating SWNTs with polymer to 
create a more stable interface. The excellent reinforcement observed in this work is 
attributed to stronger SWNT-matrix interfacial adhesion in softer matrices.  
Yan et al. [46] evaluated the effect of three reactive amino-containing pyrene 
derivatives (AmPys) with various chain lengths (2, 6, and 12) on composite behavior. 
AmPys-12 was determined to have the highest functionalization efficiency for SWNTs 
in terms of dispersability. AmPys-12 is strongly absorbed on SWNTs through π-π 
interactions, making them steadily dispersed into individual SWNTs or small bundles 
without noticeable change in their electronic properties. The resin used in this study 
was Epofix resin (60-90% DGEBA and 10-40% alkyl (C12-C14) glycidylether) cured 
with Epofix hardener (triethylenetetramine). To functionalize the nantoubes, the 
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SWNTs, AmPys and THF were ultrasonicated, then subsequently filtrated to remove 
excess AmPys. Once nanotubes are successfully functionalized, the nanotubes and 
epoxy are initially mixed, followed by ultrasonication in the presence of THF. The 
solvent is evaporated, hardener is added and the mixture is degased before cure. The 
tensile strength of the unmodified network was 33.4 MPa. Unmodified SWNTs 
exhibited maximum UTS of 40.8 MPa at 0.5 wt%, a 22% increase. AmPys-12 
modified SWNTs resulted in a maximum tensile strength of 51.6 MPa at 0.3 wt%, a 
54% increase. The maximum tensile strength for unmodified SWNTs was obtained at 
a higher concentration than AmPys-12 modified SWNTs, but exhibited a much lower 
strength than composites with an enhanced interface. SEM of composite fracture 
surfaces revealed that AmPys-12 modified SWNTs are uniformly dispersed and 
tightly embedded in the matrix, some even sheathed with resin, whereas unmodified 
SWNT composites reveal nanotube pullout and poorer dispersion quality.  
Che et al. [155] evaluated the effect of generation (n) 0-2 dendritic 
poly(amidoamine) grafted SWNTs (SWNT-Gn-NH2; n=0, 1, 2) on behavior of epoxy 
composite fibers prepared by spinning. The matrix used in this study was Rutapox L20 
resin cured with Rutapox SL hardener. SWNTs were dispersed in acetonitrile via 
ultrasonication, resin was added and the mixture was magnetically stirred. When 
uniform, the solvent was evaporated prior to cure. Spinning experiments were carried 
out upon reaching respective gel points. The reinforcement of fibers with grafted-from 
SWNTs (SWNT-G0-NH2) were observed to be the best option, and higher generation 
dendrimers manifestly do a better job of increasing fiber strength up to 125.1 MPa at 
0.5 wt% SWNT-G2-NH2. This corresponds to a 76% improvement over cast 
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unmodified epoxy (UTS=71.1 MPa), and 39% improvement over epoxy fiber 
(UTS=90.0 MPa). Fibers containing pristine SWNTs resulted in a tensile strength of 
104.2 MPa, enhancing strength from the unmodified epoxy network, but were not as 
effective as the grafted SWNTs. In addition, the unreinforced epoxy fiber is somewhat 
stiffer and stronger than cast epoxy due to reorientation of epoxy resin network during 
the spinning/drawing process.  
Omidi et al. [156] synthesized MWNT-epoxy composites over a range of 
concentrations up to 10.0 wt% and compared experimentally determined mechanical 
properties to predictions by a new rule of mixtures. The resin used in this study was 
LY5052 epoxy cured with HY-5052 hardener. MWNTs were sonicated into the 
hardener, and the epoxy was later added and stirred at high speeds in the presence of 
ethanol. MWNT concentrations ranged from 0.25-10.0 wt%. The tensile strength of 
the unmodified resin was 64.51 MPa, and increased to 68.23 MPa at 0.25 wt% 
MWNTs (5.77% increase), 78.11 MPa at 1.0 wt% (21.1% increase), and 110.1 MPa at 
10.0 wt% MWNTs (70.7% increase). The effect of MWNT concentration on growth 
rate of composite mechanical properties is more noticeable at lower MWNT content, 
and is clearly observed in Figure 1.13.  
Montazeri et al. [157] evaluated the effect of untreated and acid-treated MWNTs 
on composite tensile properties. The length of acid-treated MWNTs decreased from 
8.5 µm for the pristine MWNTs to 2 µm during treatment. The low viscosity resin 
used was Ly564 (bisphenol A) and cured with Hy560 hardener (polyamine). MWNTs 
were sonicated in epoxy, added to hardener and stirred. The material was degased  
59 
 
 
 
 
 
 
 
Figure 1.13: Tensile strength enhancement in MWNT-epoxy composites as a function of MWNT 
content [156]. 
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under vacuum prior to cure. The tensile strength of the unmodified resin was 64 MPa 
and increased with the presence of MWNTs. Maximum tensile strength enhancement 
for unmodified-MWNTs was 75 MPa at 2.0 wt% (17.2% increase), and maximum 
tensile strength enhancement for acid-modified MWNTs was 80 MPa at 3.0 wt% 
MWNTs (25% increase). UTS enhancements were consistently higher for composites 
containing acid-treated MWNTs. This was thought to be due to nanotube shortening 
by mixed-acid treatment, resulting in shorter nanotubes more readily disentangling. 
Another factor contributing to tensile strength are the weak van der Waals forces 
between shells resulting in slippage between concentric tubes and during load, 
MWNTs in the polymer matrix can be drawn layer by layer, providing reinforcement.  
Yuen et al. [158] evaluated the mechanical property enhancements of epoxy 
composites containing TiO2 coated MWNTs and (3-aminopropyl)triethoxysilane 
(APTES) -modified TiO2-MWNTs. The resin used in this study was DGEBA and the 
hardener was 4,4’-Diaminodiphenyl sulfone. MWNTs were dispersed in acetone, and 
then the epoxy and hardener were added stepwise and stirred. The solvent was 
removed from the network prior to cure. The tensile strength of unmodified epoxy 
resin was 16.92 MPa. The maximum tensile strength achieved with TiO2 coated 
MWNTs was 27.85 MPa at 0.5 wt% MWNTs (65% increase), and the maximum 
tensile strength achieved for APTES-modified TiO2-MWNTs was 36.53 MPa at 0.5 
wt% MWNTs (116% increase). Above 0.5 wt% APTES-modified TiO2-MWNTs, 
UTS decreases because too much epoxy is bonding with APTES rather than the 
hardener. This is affecting the resin to hardener ratio, and subsequently, the composite 
properties. Although SEM and TEM images reveal that TiO2-MWNTs have better 
61 
 
dispersion in epoxy, the APTES-modified TiO2-MWNTs resulted in better mechanical 
properties due to better adhesion to the epoxy matrix. In addition, SEM reveals 
significant pull-out of TiO2-MWNTs.  
Allaoui and Bai [159] conducted a study to evaluate the effect of MWNT length 
and aggregate size on composite mechanical properties. In order to alter nanotube 
length, as-produced MWNTs were treated in one of three ways. The first set of 
MWNTs were denoted as type A. MWNTs were agitated in methanol and dried, and 
observed to have a nanotube length of approximately 50 µm. The second set of 
MWNTs (type B) were sifted through a 1 mm sieve, agitated in methanol, and 
observed to have a length of 10 µm. Finally, type C MWNTs were forced through a 
0.5 mm sieve. The largest aggregates were measured to be 100 µm in diameter, and 
nanotube length was 1 µm. MWNTs were added directly to epoxy and hardener, 
however this publication contained no discussion of dispersion methods. The tensile 
strength of the unmodified resin was 31 MPa. The tensile strength of composites 
containing types A, B, and C MWNTs at various concentrations are shown in Table 
1.3. The values in parenthesis represent percent increase with respect to unmodified 
resin. All MWNT composites improved tensile strength  except 1.0 wt% Type A. 
Treatments B and C make composites more rigid, and the reinforcement role is 
observed to be B > C > A. Treatments B and C reduced aggregate size, resulting in 
better dispersion while aspect ratio remains relatively large. Load transfer in these 
composites is still possible and significant enough for MWNTs to have a 
strengthening effect. It is possible that the reinforcement effect of MWNTs comes 
from the fact that they increase the crosslink ratio and block molecular motions of the  
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Table 1.3: Tensile strength (MPa) enhancements of MWNT-epoxy composites at various 
concentrations. Values in parenthesis represent percent increase with respect to unmodified resin 
[159].  
 
 
MWNT 
Type 
0 wt% 0.5 wt% 1.0 wt% 4.0 wt% 
unmod 31 - - - 
A - 32 (3.23%) 24 (-22.6%) 33 (6.45%) 
B - 41 (32.2%) 33 (6.45%) 33 (6.45%) 
C - 37 (19.4%) 33 (6.45%) 32 (3.23%) 
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polymer network. 
S. Q. Li et al. [160] evaluated the effect of acid and TETA modification of 
MWNTs on the mechanical properties of composites. The resin and hardener used in 
this study were DGEBA and triethylenetetramine (TETA), respectively. Nanotubes 
were initially sonicated in acetone before adding epoxy and further sonicating. The 
acetone was evaporated from the system at an elevated temperature of 50˚C prior to 
adding TETA and curing the matrix. The tensile strength of unmodified resin is 68 
MPa, and reaches a maximum value of 92 MPa for 0.5 wt% TETA-MWNTs (35.3% 
increase). The UTS of pristine MWNT composites reduces slightly with increasing 
MWNT content because pristine MWNTs exhibit significant agglomeration and weak 
interfacial adhesion. Poor ability of stress transfer to internal MWNT layers results in 
decrease in tensile strength. The tensile strength of acid-modified MWNTs increase 
with content from 0.25-0.75 wt%. The acid treatment attaches carboxylic groups onto 
the nanotube surface enabling direct bonding with epoxy, which is advantageous for 
enhancement of mechanical properties. At 0.5 wt%, TETA-MWNT show a 35% 
enhancement in tensile strength over neat epoxy, and 53% over unmodified MWNTs 
at the same concentration. The amino groups on the TETA modification make 
MWNTs more compatible with the polymer and dispersing solvents, and improve 
interfacial bonding. At MWNT content above 0.75 wt% there was a slight reduction in 
tensile strength resulting from poor dispersion ability at higher loading systems.  
Chen et al. [161] evaluated epoxide-modified nanotube composites and the effect 
of different functional groups on the composite mechanical properties. The three types 
of functional groups reacted on the surface of the MWNTs were diglycidyl ether of 
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bisphenol A (DGEBA), phenyl glycidyl ether (PGE) and carboxyl groups (-COOH). 
The resin used in this work was DGEBA, 4-dimethylamino pyridine (DMAP) 
initiator, and triphenylphosphate (TPP) catalyst. MWNTs were dispersed in THF 
using bath sonication, and DGEBA was dissolved in THF separately. Both mixtures 
were blended by a high-speed mixer, THF was evaporated from the network, DMAP 
was added, the solution was degased, catalyst added, and finally the material was 
cured. The flexural strength of the unmodified resin was 51 MPa. The flexural strength 
decreased for all concentrations of composites containing unmodified-MWNTs and 
COOH-MWNT due to non-uniform dispersion. PGE-MWNTs exhibited a maximum 
flexural strength of 83 MPa at 1.0 wt% (63% increase), and DGEBA-MWNTs 
exhibited a maximum flexural strength of 110 MPa at 3.0 wt% (116% increase). The 
PGE-MWNTs resulted in better flexural strength improvements for concentrations of 
0.5 and 1.0 wt% over DGEBA-MWNTs, which is attributed to higher efficiency of 
surface functionalization in the case of PGE-MWNTs that leads to more hydroxyl 
groups available for covalent bonding to the matrix. PGE- and DGEBA-modified 
MWNTs exhibited the most uniform dispersion and subsequently resulted in the most 
significant increases in flexural strength.  
Hadavand et al. [152] evaluated the performance of pure and acid functionalized 
MWNTs. Nanotubes were ultrasonicated in epoxy polysulfide resin and degassed, 
then aliphatic amine hardener was added and mixed at low speed before cure. The 
tensile strength of the unmodified resin was 4.95 MPa, and maximum composite 
tensile strengths were observed to be 5.24 MPa for 0.1 wt% unmodified-MWNTs 
(5.86% increase) and 8.83 MPa for 0.3 wt% acid-modified MWNTs (78.4% increase). 
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Acid-treated MWNT composites result in better tensile strength yet weakens 
interactions between concentric layers due to destruction by acid-treatment and may 
negatively impact other composite properties.  
The work by Gojny et al. [153] discussed in the previous section also evaluated 
tensile strength properties of their composites, and the complete results are included in 
Table 1.2 in Section 1.3.6.1. This work investigates the effect of different types of 
nanotubes on tensile strength of the composite, and similarly to Young’s modulus 
results, the authors found that DWNT-NH2 resulted in the greatest enhancement in 
tensile strength among all nanotube types evaluated. The tensile strength of the 
unmodified resin was 63.80 MPa, and the maximum composite tensile strength was 
evaluated to be 69.13 MPa for 0.5 wt% DWNT-NH2 (8.35% increase). Although when 
reflected as percent increase, this improvement in tensile strength does not seem 
significant compared to other results presented in literature, however the findings are 
significant since the same type of nanotube consistently results in best mechanical 
property enhancement among all types of mechanical evaluations. While the relatively 
large improvement in tensile strength by SWNTs is explained by high specific 
mechanical properties and having the highest aspect ratio of all nanotube types, 
DWNTs exhibit smaller specific surface area, but also do not agglomerate as 
pronounced as SWNTs. MWNTs and MWNT-NH2 have little effect on tensile 
strength, most likely due to absence of stress transfer to the internal concentric layers. 
Therefore, only outermost layers of MWNTs contribute to mechanical reinforcement.  
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1.3.6.3 Fracture Toughness 
Epoxies are generally brittle in nature, which limits them to non-load bearing 
applications. In the presence of a crack, unreinforced epoxies will readily fracture, and 
therefore improving the toughness of polymers is tantamount to an improved 
resistivity against crack propagation, resulting in a higher damage tolerance. This is a 
crucial factor for the design of structural components, especially in regard to long term 
behavior [153].  
A materials’ toughness is the energy dissipation due to crack growth propagation. 
Carbon nanotubes are not inherently tough, but behave differently when incorporated 
into a composite. Pull-out or local shear forces between tubes or tube/matrix interface 
can dissipate a lot of energy, improving overall composite toughness [24]. Carbon 
nanotubes behave as extrinsic tougheners in polymers, acting behind the crack tip to 
effectively reduce the crack driving force. Extrinsic mechanisms are independent of 
crack size or geometry and affect only the crack growth toughness. Good dispersion 
increases the effective surface area of filler particles and prevents aggregates from 
acting as stress concentrators.  
There exist several mechanisms which result in increased fracture toughness in 
nanotube-reinforced epoxy composites. These mechanisms are: localized inelastic 
matrix deformation and void nucleation, particle/fiber debonding, crack deflection, 
crack pinning, fiber pull-out, crack tip blunting (or deformation) and particle/fiber 
deformation or their rupture at the crack tip [145]. The most prominent reinforcing 
mechanism observed in nanotube-epoxy composites is the crack bridging mechanism. 
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A few notable enhancements in fracture toughness presented in literature are discussed 
below, and Table B.5 in Appendix B contains a complete summary of all nanotube-
epoxy composites and their fracture toughness enhancements presented in literature.  
The work of Gojny et al. [153] that evaluated the effects of different types of 
nanotubes on mechanical properties of composites also evaluated fracture toughness in 
great detail. The K1C of the unmodified resin was measured using the compact tension 
method (CT) to be 0.65 MPa/m2, and maximum enhancements were observed for 0.3 
and 0.5 wt% DWNTs-NH2, exhibiting FT of 0.92 and 0.93 MPa/m
2, respectively. This 
is approximately a 42% increase. These findings are significant, because DWNT-NH2 
composites consistently exhibited best reinforcement for YM, UTS, and FT, and 
enhancements in toughness and strength are usually a tradeoff. Non-functionalized 
nanoparticles increased FT of the epoxy matrix significantly at very low filler 
contents, however, the effect of higher contents was not necessarily clearly observed 
since composites were not fabricated at concentrations greater than 0.5 wt% 
nanotubes. The relative K1C improvement is not dependent on particle shape, and 
therefore the main fracture mechanism is related to the large surface area of the 
nanotubes. TEM images revealed a partly agglomerated dispersion, with 
agglomerations measuring <100 nm in diameter, and it is believed that the localized 
inelastic deformation, void nucleation and deflection at agglomerations are the 
dominating toughening mechanisms. There was subsequently a decrease in FT at high 
concentrations, and this effect was related to reagglomeration of particles. Amino-
functionalization improves dispersability and increases interfacial adhesion leading to 
higher effective interfacial area in the composites, and therefore, increased FT. The 
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functional groups were localized on nanotube ends, which allow certain mobility and 
reorientation in the matrix under stress situations, enabling effective matrix 
reinforcement. The fracture surfaces of composites give the first information regarding 
fracture mechanism and influence of particle modification on the fracture behavior. 
The toughening effects of different nanotube composites were reflected in 
significantly larger roughness of the composite fracture surfaces. An example of 
surface roughness is shown in Figure 1.14, highlighting a significant difference in 
fracture surfaces for (a) neat epoxy and (b) DWNT-NH2-epoxy composite.  
Guen et al. [162] evaluated the behavior of SWNTs in industrial trifunctional 
epoxy resin triglycidyl p-amino phenol (TGAP) cured with 4,4’-
diaminodiphenylsulfone (DDS). SWNTs were reduced by napthalide solution in the 
presence of THF. SWNTs, THF, and epoxy were mechanically shaken/stirred, and the 
solvent was removed prior to cure. FT was measured using the single edge notched 
bend (SENB) method, and K1C for the unmodified resin was 60 MPa/m
2. The reduced 
SWNTs (r-SWNTs) are negatively charged and disperse by electrostatic repulsion and 
solvent association with their cationic counterparts. r-SWNTs also readily react with 
the epoxide and covalently bond to the epoxy matrix. The combined effect of 
enhanced dispersability and covalent integration into the matrix results in a linear 
increase in FT with r-SWNT concentration, with a maximum K1C enhancement 
exhibited at 0.2 wt% to be 90 MPa/m2, a 90% increase.  
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Figure 1.14: Characteristic SEM micrographs of fracture surfaces at low magnifications (1000x) 
showing (a) neat epoxy and (b) DWNT-NH2-epoxy composite. The composite containing 
nanotubes exhibits a significantly rougher fracture surface compared to the neat epoxy, 
indicating a toughening effect of the nanoparticles [153].  
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Work published the same year by Martinez-Rubi [163] evaluated an identical 
system consisting of r-SWNTs, TGAP and DDS. The authors chose this resin because 
it is of great interest to the aerospace industry due to its exceptional properties such as 
high modulus, thermal stability and low shrinkage upon cure. Composites were 
prepared in a similar manner as those by Guan et al. discussed previously. They were 
tested using the SENB method and neat epoxy was measured to have a K1C of 60 
MPa/m2. Maximum FT reinforcement was exhibited for 0.2 wt% r-SWNTs and 
measured to be 1.51 MPa/m2. Composites exhibited a generally linear increase with 
nanotube concentration, with a toughening rate of 200 MPa/m2 (evaluated by 
dK1C/dwt). The K1C improvement was achieved while retaining the desirable high 
modulus of the trifunctional epoxide network. The r-SWNTs have a more significant 
effect on FT over unmodified SWNTs, and in addition to improved dispersability, 
improvement in mechanical properties that were observed with r-SWNT may be 
attributed to grafting of epoxy oligomers to the nanotube wall, which acts as both a 
dispersing agent and covalent matrix binding agent.  
Gkikas et al. [164] evaluated the effect of dispersion conditions on mechanical 
properties of MWNT-epoxy composites, with a main focus on sonication time, which 
led to further optimization studies. This work used a two part low viscosity epoxy; 
Araldite LY564 cured with Aradur 2954. MWNTs were sonicated directly into epoxy 
and hardener was added prior to cure. Sonication time was varied from 0.5-4 hours, at 
a maximum amplitude of 100%. Composites were tested using SENB methods, and 
initial studies were carried out at 0.5 and 1.0 wt% MWNT contents. K1C of the 
unmodified resin was 1.25 MPa/m2, and best composite enhancement in FT was 
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exhibited for 0.5 wt% MWNTs sonicated for 2 hours (80% increase) and 1.0 wt% 
MWNTs sonicated for 2 hours (40% increase). An increase in nanotube content does 
not involve the respective increase in FT, which suggests either that the sonication 
power that is required to efficiently disperse nanotubes is not enough or mechanical 
degradation of nanotubes becomes dominant for higher nanotube contents. The effect 
of sonication time is not monotonic, at least in the case of 0.5 wt% MWNTs, implying 
that different reinforcing mechanisms become dominant at different stages of the 
dispersion process. The co-acting dispersion mechanisms are competitive and 
interdependent. The composite processing methods were further optimized and found 
to exhibit a maximum value of K1C = 2.16 MPa/m
2 for a 0.5 wt% MWNT composite 
sonicated for 2 hours at 50% amplitude. This corresponds to a 72.8 percent increase in 
composite toughness.  
The performance of epoxy-based nanoadhesives reinforced with MWNTs were 
evaluated by Hedia et al. [165]. The resin network used was DGEBA crosslinked with 
an aromatic amine, Epicure W. The MWNTs were mixed into the epoxy by shear 
mixing at 60˚C using a magnetic stirrer, then ultrasonicated for 1 minute. Epicure W 
was mixed into the solution prior to cure. Composites were tested using the SENB 
method, and K1C of the unmodified resin was measured to be 1.2 MPa/m
2. The 
maximum toughness enhancement was observed for a 1.0 wt% MWNT composite 
with a K1C of 4.37 MPa/m
2, corresponding to a 256% increase. This is a significant 
increase not typically seen in literature. SEM of the fractured surfaces are shown in 
Figure 1.15 and reveal brittle fracture features resembling river patters on the surface 
of the neat epoxy resin along with evident matrix cracking. The fracture surface of the  
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Figure 1.15: SEM of the fracture surfaces of (a) neat epoxy 828-notched specimen and (b) 
MWNT-epoxy composite notched specimen [165].  
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MWNT composite exhibits larger ridges, indicating higher resistance to fracture. The 
fracture surface indicates that these MWNT-epoxy nanoadhesives are more cohesive 
than the neat material. The randomly oriented MWNTs are responsible for such high 
resistance to fracture exhibited in the MWNT composites. The increased number of 
features on the fractured surface of the composite gives rise to more area for the 
absorption of the fracture energy, and subsequently resulting in higher fracture 
toughness values. Inclusion of the MWNTs affects the mechanical reinforcement at 
the molecular level. The authors claim that further enhanced contact between the 
fillers and the resin results in better bonding, thus restricting crack propagation path, 
however, this work only evaluates unmodified MWNTs.  
Recent work by Shtein et al. [166] evaluated the fracture behavior of nanotube 
polymer composites and published one of the first works relating surface roughness of 
composite fracture surfaces to composite fracture toughness and its fracture 
mechanisms. The resin used in this study was Epon 828 cured with Jeffamine T-403. 
MWNTs were mixed into a solution of dispersant (F127) in deionized water, sonicated 
and centrifuged to precipitate the well-dispersed MWNT phase. Exfoliated MWNTs 
were collected for use. The aqueous nanotube dispersion was frozen by liquid nitrogen 
and placed in a lyophilizer for 48 hours, and subsequently added to the epoxy and 
manually mixed, degased, and cured upon the addition of Jeffamine. FT was evaluated 
using CT methods. Low concentrations of MWNTs (0.07-0.16 vol%) showed a 
significant FT enhancement, and the optimal nanotube concentration was found to be 
0.1 vol%, resulting in a 129% increase over the unmodified epoxy resin. The K1C of 
the unmodified resin and at 0.1 vol% MWNT composite are 0.8 and 1.95 MPa/m2, 
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respectively. The optimal MWNT concentration also correlates with the rheological 
percolation threshold of the composite, above the optimal concentration, FT decreases. 
Significant enhancement in FT was achieved without substantial change in other 
mechanical properties suggests genuine nano-reinforcement. Assuming the composites 
fail by one of two mechanisms (pullout or fiber fracture), this work used statistical 
analysis of SEM fracture images to correlate fibers on the fractured surfaces 
(roughness) to experimentally evaluated FT values. Statistical analysis evaluated 
initial nanotube length compared to nanotube length after fracture (length on fracture 
surface) and found that over 75% of failure events showed no protruding length, while 
others revealed a significant decrease in protruding nanotube length of approximately 
0.09 µm as compared to the initial length of 1.5 µm. MWNT protruding length 
significantly affects surface roughness (SR) of fractured specimens. Isolated well 
dispersed nanotubes appear to affect crack propagation. It is believed that the energy 
dissipation through nanotube reinforcement of crack propagation leads to the dramatic 
FT increase. The number of different areas on the fracture surface is quantitatively 
proportional to SR values as characterized by fracture surface imaging. Thus, high SR 
serves as a good indicator for well-dispersed nanotubes. Figure 1.16 shows a linear 
correlation between surface roughness and fracture toughness, based on 
experimentally obtained data points for MWNT-epoxy composites, shown by the red 
markers.  
Work by Lachman et al. [167] evaluated the microstructure-mechanics relationship 
of a DETA-cured DGEBA network reinforced with MWNTs. MWNTs used for this 
study were covalently modified to have carboxyl or amine groups on the surface.  
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Figure 1.16: Linear correlations between surface roughness (SR) and fracture toughness (FT) for 
MWNT-epoxy composites shown in red. Each data point represents a different MWNT 
concentration [166].  
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MWNTs were magnetically stirred into epoxy, then the mixture was sonicated, 
degased, hardener was added and subsequently cast. FT of the network was measured 
using CT methods, and the K1C of the unmodified resin was measured to be 0.67 
MPa/m2. All MWNT-reinforced composites were prepared with 0.34 wt% nanotubes, 
and toughening results are shown in Table 1.4.  
The toughening effect was observed to be highest in well-dispersed MWNT-NH2 
composites, due to the excellent nanotube-matrix interfacial adhesion and suppressed 
fiber pullout effect. Nanotube critical length is mostly larger than their typical length. 
Due to the high nanotube aspect ratio, critical length does not affect FT as typical 
fibrous particles. SEM was used to evaluate micromechanics leading to an 
improvement in mechanical properties, and found crack bridging to be the most 
significant mechanism contributing to epoxy reinforcement. Functionalized nanotubes 
were measured to have decreased diameter and subsequently higher aspect ratio and 
better FT. Figure 1.17 shows an example of crack bridging in the SEM image of 
MWNT-reinforced epoxy resin.  
Hollertz et al. [127] used industrially relevant methods to prepare composites and 
evaluate FT among other mechanical properties. The resin used in this study was 
Epikote 828LVEL, cured with a diamine, Epikure 3402. MWNTs were initially 
sonicated in acetone, and then mixed by a high pressure processor. The epoxy was 
added and the mixture was homogenized by a high shear mixer before evaporating the 
solvent. The MWNT-epoxy suspension was then processed by one of two methods; a 
high pressure homogenizer (HPH) or three roll mill (3RM). These industrially relevant 
dispersion processes effectively dispersed MWNTs into epoxy. Composite FT was  
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Table 1.4: Fracture toughness enhancements MWNT-epoxy composites with various covalent 
functional groups [167]. 
 
 
Composite Type  
(0.34 wt% MWNTs) 
K1C, MPa/m
2 
(% increase with 
respect to neat resin) 
Neat resin 0.67 
Pristine MWNTs 0.80 (19.4%) 
Pristine MWNTs, well dispersed 0.86 (28.4%) 
MWNT-COOH 0.96 (43.3%) 
MWNT-NH2 1.01 (50.7%) 
MWNT-NH2, well dispersed 1.23 (83.6%) 
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Figure 1.17: Characteristic SEM image of a CT specimen fracture surface, showing the bridging 
in a micro-crack of pristine MWNTs following pullout [167].  
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tested using SENB methods, and K1C of the unmodified resin was measured to be 0.50 
MPa/m2. All composites were prepared over a range of concentrations from 0.1 to 2.0 
wt% MWNTs, and were processed by HPH, 3RM, or a combination of both. The 
greatest FT enhancement was observed for the composite processed by both HPH and 
3RM, resulting in a measured K1C of 0.91 MPa/m
2 at 0.1 wt% MWNTs, an 80% 
increase. Average K1C values remained constant for higher concentrations (0.74-0.91 
MPa/m2), and the increase for 3RM processing only is ~60%. A graph of all FT values 
for composites is shown in Figure 1.18. Interestingly, the inclusion of MWNTs at low 
concentrations results in a significant initial increase in FT, but the addition of higher 
concentrations of MWNTs only results in a nominal increase, or in some cases, a 
decrease in experimentally determined FT values.  
SEM reveals non-uniform dispersion and fiber pullout. Nanotube reagglomeration 
is believed to be responsible for the substantial FT improvements; as nanotube rich 
domains continue to grow they start to coalesce and finally build up an interconnected 
network of MWNTs. Nanotube waviness is probably also an influential factor in 
composite mechanical properties. Figure 1.19 shows examples of nanotube dispersion 
quality, reagglomeration, and fracture mechanisms in the MWNT-reinforced epoxy 
composites.  
Chatterjee et al. [168] synthesized hybrid MWNT/graphene nano platelets (GnP) 
composites using the same Epikote 828LVeL/Epikure 3402 resin system as the 
previously discussed work by Hollertz. MWNTs were dispersed in epoxy using three 
roll mill methods, and the FT of composites were tested using SENB methods. The 
K1C of the unmodified resin was measured to be 0.50 MPa/m
2, and the FT  
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Figure 1.18: Fracture toughness of the MWNT-epoxy composites with different nanotube 
contents and different processing methods [127].  
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Figure 1.19: (a) Representative TEM image of the fracture surface of a 0.5 wt% MWNT 
reinforced composite processed by HPH. (b) SEM image of the fracture surface of 0.5 wt% 
MWNT-epoxy processed by HPH and 3RM. (c) 0.1 wt% MWNT dispersion on the fracture 
surface of the composites manufactured by 3RM. (d) a MWNT bridges microcracks in the 
composite and pulled out on the fracture surface [127].  
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enhancement for composites with only the MWNT filler was observed to be 0.9 
MPa/m2 for 0.5 wt% MWNTs. The high aspect ratio of nanotubes facilitate the 
reinforcement mechanism, however with the inclusion of small amounts of GnP, the 
surface area increases significantly, encouraging better linkage with the polymer 
matrix. Despite the potential benefits of GnP filler, none of the hybrid composites 
showed a FT improvement greater than that measured for a MWNT-only composite.  
1.3.7 Rheological Behavior of Composites 
Evaluating rheological properties of a composite can provide understanding of 
structure-property relationships [169]. Rheology is concerned with establishing 
predictions for composite mechanical behavior on a continuum mechanical scale by 
determining the concentration at which the filler particles create a three dimensional 
network accompanied by solid-like behavior of the liquid-phase composite. 
Rheological properties depend on many factors including filler content, aspect ratio, 
dispersion state and filler-polymer interface [23]. Complex viscosity (comprised of 
elastic and viscous responses) and rheological storage modulus (composite elasticity) 
as a function of frequency are two commonly used characteristics to evaluate 
rheological properties, and have been used to evaluate nanotube dispersion in various 
thermoplastic [23, 170, 171] and thermosetting [172-174] matrices.  
In order to determine complex viscosity and storage modulus, the material must be 
evaluated by oscillatory shear testing, which records the viscous response over a range 
of frequencies. At low frequencies, the fully relaxed polymer chains exhibit the typical 
Newtonian plateau, observed as a frequency-independent complex viscosity response.  
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Figure 1.20: Rheological response of MWNT/polycarbonate nanocomposites as a function of 
frequency at 230˚C: (a) complex viscosity, (b) storage modulus, and (c) corresponding rheological 
percolation threshold at a frequency of 1 rad/sec [23].  
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However, with the addition of carbon nanotubes, the low-frequency complex viscosity 
significantly increases, indicating that the relaxation of polymer chains in the 
nanocomposite is effectively restrained by the presence of nanotubes. These trends can 
be seen in Figure 1.20a. The storage modulus of nanocomposites gradually increases 
with increasing frequency and nanotube content, shown in Figure 1.20b. This is a 
reflection of a transition from viscous liquid to solid-like behavior. Similar to 
electrical percolation behavior, the rheology of a nanotube-polymer nanocomposite 
also shows a transition from a rheological state (where the viscosity or storage 
modulus changes significantly with increasing filler content) to a solid-like behavior 
(where the viscosity or storage modulus is insensitive to or has only a slight variation 
with increasing filler content) [23]. The concentration at which this transition occurs is 
known as the rheological percolation threshold. Rheological percolation can be 
determined in a number of ways, but the viscous to solid like transition is most clearly 
observed when plotting the storage modulus as a function of filler content at a chosen 
frequency. Figure 1.20c exhibits rheological percolation threshold as determined by 
the method previously described, and the rheological percolation threshold can be 
clearly seen at 1.0 wt% MWNTs [23].  
1.4 Summary 
The reinforcement of thermosetting networks with carbon nanotubes presents a 
method by which to enhance the electrical and mechanical properties of the composite 
at low filler loading compared to other traditional fillers. However, as described in this 
chapter, mechanical property enhancements of nanotube-epoxy composites do not 
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show much consistency and final composite properties are critically dependent on the 
resin used, nanotube type, physical and chemical processing methods, and nanotube 
functionalization procedures, among other factors.  
Subsequently, very many chemical and physical dispersion methods for 
nanocomposite synthesis have been developed, but there remains a tradeoff between 
nanotube processing and functionalization for better quality dispersion and retaining 
the desirable inherent electrical and mechanical properties for composite performance. 
Therefore, this work remains an active research topic to continue to improve methods 
for nanotube dispersion and interface for applications in the fields of structural 
reinforcement, conductive films and coatings, adhesives and more.  
The ionic liquid introduced in this chapter serves as a dispersant for carbon 
nanotubes and initiator for polymerization, presenting itself as a promising alternate 
for composite processing and synthesis. The ionic liquid streamlines processing 
methods while potentially minimizing nanotube degradation and composites prepared 
using this novel methodology is addressed in two sections: Chapter 2 evaluates 
composite dispersion quality, and Chapter 3 evaluates composite mechanical property 
enhancements of the resulting nanotube-ionic liquid-epoxy composite.  
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CHAPTER 2 SYNTHESIS AND PROCESSING METHODS FOR A 
WELL-DISPERSED NANOTUBE-EPOXY COMPOSITE 
 
2.1 Introduction and Objectives 
The objective of the work in this chapter is to determine if the RTIL 
dispersant/initiator to polymerization is an effective method for synthesis of a well-
dispersed nanotube-epoxy composite.  Three processing techniques for nanotube 
dispersion were evaluated in order to determine the most effective method for 
nanotube dispersion and composite synthesis using the ionic liquid dispersant/initiator. 
Initial studies used only SWNTs, since they are the most prone to nanotube damage 
from harsh processing methods and conditions. Once the best methods for nanotube 
dispersion were evaluated and optimized, the studies were expanded to four series of 
composites: SWNTs, SWNTs-NH2, MWNTs, and MWNTs-NH2. Composites 
prepared using the ionic liquid dispersant/initiator were also compared to more 
traditional amine-cured epoxy networks in order to demonstrate the effectiveness of 
the ionic liquid dispersant, as well as compared to experimentally determined 
percolation thresholds reported in literature.  
2.2 Experimental Details 
Materials used, synthesis and processing methods, and characterization methods 
are discussed in this section.  
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2.2.1 Materials  
The difunctional epoxide resin used in this study is DGEBA (diglycidyl ether of 
bisphenol A), Epon 828, and was purchased from Miller-Stephenson (99% purity). 
The ionic liquid used in this study was 1-ethyl-3-methylimidazolium dicyanamide 
(EMIMDCN), is composed of organic imidazolium cation and dicyanamide anion 
pairs and was purchased from Sigma Aldrich (>98% purity). The cycloaliphatic amine 
hardener used in this study, 4,4’-Diaminoxicyclohexylmethane (Amicure PACM), was 
purchased from Air Products. Single walled carbon nanotubes, amine-functionalized 
single walled carbon nanotubes and multiwalled carbon nanotues were purchased from 
Nano Lab (>95% purity) and were produced by carbon vapor deposition methods. The 
SWNTs and SWNTs-NH2 have a diameter of ~1.5 nm and length of 1-5 µm, and the 
MWNTs have a diameter of 15±5 nm and a length of 1-5 µm. The amine-
functionalized MWNTs were produced by catalytic carbon vapor deposition methods 
and purchased from Nanocyl. The MWNTs-NH2 have an average diameter of 9.5 nm 
and length <1 µm.  
2.2.2 Synthesis and Processing Methods 
Nanotubes, ionic liquid, and epoxy were combined for the preparation of 
nanocomposites. In these studies nanotube concentration was varied from 0.0025-
1.0% by weight, and a constant IL concentration of 15 wt% with respect to epoxy was 
used. The materials were processed using one of the following three methods.  
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The first set of composites were processed by mixing nanotubes, IL and epoxy for 
10 minutes in a Thinky ARE-250 Conditioning Planetary Mixer at 2000 rpm, and 
degased at 1200 rpm for an additional two minutes. The motion of the Thinky results 
in intense rotational shear mixing. The second set of composites were processed by 
ultrasonication, using a Misonix 3000 at 30% amplitude for 15 minutes. The 
nanotubes were sonicated directly into the IL, since ultrasonication is most effective 
for low viscosity solutions. After ultrasonication, the appropriate amount of epoxy was 
added, and the solution was mixed using the Thinky mixer for two minutes at 2000 
rpm followed by an additional minute of degassing at 1200 rpm. Finally, the third set 
of composites was processed by ten passes through a three roll mill using a 20 µm 
gap. The three roll mill used in this study was a Torrey Hills 2.5x5”. The rolls are 65 
mm in diameter and move at different speeds and in different directions, with the 
slowest in the back moving at 31 rpm, the middle roll at 84 rpm, and the front roll at 
174 rpm. All composites (regardless of processing method) were degassed prior to 
cure at 40˚C and -30 in Hg for one hour. All composites followed an identical cure 
schedule of 80˚C for 12 hours and a two hour postcure at 120˚C.  
In order to demonstrate the benefit of the IL dispersant/initiator, composites with 
SWNT concentrations equivalent to the IL-cured system were synthesized with an 
amine hardener. Composites followed similar processing conditions as IL composites 
prepared using the three roll mill, the only difference was that the SWNTs were three 
roll milled directly into the epoxy and the amine hardener was added after processing. 
The amine hardener was mixed into the composite using a Thinky ARE-250 
centrifugal planetary mixer at 2000 rpm for 5 minutes. The stoichiometric ratio of 
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epoxy to amine is 100:28 by weight. The liquid composite followed an identical cure 
schedule as the IL composite.  
2.2.3 Characterization Techniques 
Quantitative dispersion was evaluated by electrical conductivity measurements in 
conjunction with percolation theory. Electrical conductivity of nanotube-epoxy 
composites was calculated from through-plane resistivity measurements obtained 
using an Alpha Labs HR2 High Resistance/Low Conductivity Meter (20V). 
Composites were prepared in the shape of rectangular composite bars approximately 
60x14x3 mm3. The ends of the rectangular bars were covered with silver conductive 
paint to minimize contact resistance with the probes. Measurements were recorded for 
2-4 samples for each nanotube concentration and DC conductivity was reported in 
S/m.  
Qualitative assessment of dispersion was carried out by SEM and TEM imaging to 
evaluate nanotube dispersion, agglomeration and length. Samples for SEM imaging 
were prepared by mounting a fractured surface of composite on a base and sputter 
coating samples with platinum to a nominal thickness of 7-9 nm prior to observation. 
The SEM used in this work was a Zeiss Supra 50VP. Samples for TEM imaging were 
prepared by microtoming sections ~100 nm thick and placing on a 300x300 µm 
copper grid. The TEM used in this work was a FEI-Tecnai T12 and was operated at 
120 kV.   
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2.3 Influence of Processing Method on Critical Percolation of Nanotube-
Epoxy Composites 
This section evaluates dispersion quality of SWNT-epoxy composites synthesized 
using an ionic liquid dispersant/initiator processed by three different physical 
dispersion methods: Thinky rotational mixer, ultrasonication, and three roll milling. 
This initial study only used SWNTs to evaluate the best processing method for 
dispersion of nanotubes using the ionic liquid dispersant/initiator.  
2.3.1 Percolation Threshold 
Three full series of composites were prepared over a range of SWNT 
concentrations of 0.0025-1.0 wt%. The electrical conductivity of the unmodified 
matrix was 10-10 S/m and remained constant regardless of processing method used. As 
the SWNT concentration increased, the electrical conductivity subsequently increased 
as well, and the first point at which at least a two order of magnitude increase in 
electrical conductivity was observed was chosen as the concentration for percolation 
threshold for that series of composites.  Figure 2.1 shows experimentally measured 
DC electrical conductivity as a function of SWNT volume fraction (Vf) for the three 
series of SWNT-IL-Epoxy composites prepared using different processing methods. 
Volume fraction was calculated from mass fractions, assuming SWNT [175] and 
epoxy [2] densities of 1.4 g/cm3 and 1.2 g/cm3, respectively. A sharp increase in 
electrical conductivity, from 10-8 to 10-6 S/m was observed at 0.005 wt% SWNTs 
(4.29x10-5 Vf) for sonicated composites, 0.02 wt% SWNTs (1.72x10
-4 Vf) for three 
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roll milled composites, and 0.1 wt% SWNTs (1.72x10-3 Vf) for Thinky-mixed 
composites. These concentrations were used as critical percolation values (fφc) in the 
empirical percolation model [112], given by Equation 2.1: 
𝜎 = 𝜎𝑜(𝑓𝜙 − 𝑓𝜙𝑐)
𝑛 (2.1) 
Where σ represents the network based property, electrical conductivity, σo is the 
critical constant, fφ is the filler volume fraction, fφc is the critical filler volume fraction, 
and n is the critical exponent. The constant (σo) and exponent (n) were determined by 
performing a linear least squares analysis of the data.  
For each series of composites, DC electrical conductivity is measured for a range 
of SWNT concentrations. Although the percolation threshold is chosen as a single 
point, the entire series of data is analyzed as a whole to determine the other parameters 
in the percolation model. Figure 2.1 shows an example of linear least squares analysis 
for the series of composites processed by sonication. Log(σ) is plotted on the y-axis 
and log(fφ-fφc) is plotted on the x-axis. Percolation threshold fφc is a predetermined 
value for the calculations, as described previously. The plot results in a linear 
relationship. The linear line of best fit represented by the experimental data takes the 
form of y = mx + b. The m value becomes our critical exponent in the percolation 
model, which in this case is 1.30. The critical constant is calculated from the b value, 
and σo = 10b, which results in a critical constant of 13.68 for the sonicated series of 
composites [112]. Linear least squares analysis for the determination of percolation 
models for the remainder of the work in this chapter are compiled in Appendix C.  
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Figure 2.1: Linear least squares analysis for full series of composites processed by sonication to 
determine parameters for percolation model. 
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The resulting percolation models for composites processed by sonication, three roll 
milling, and Thinky mixer are given by Equations 2.2, 2.3, and 2.4, respectively.  
𝜎𝑠𝑜𝑛𝑖𝑐 = 13.68 𝑆/𝑚 (𝑓𝜑 − 4.29 ∗ 10
−5)1.30 (2.2) 
𝜎3𝑅𝑀 = 5.88 ∗ 10
5 𝑆/𝑚 (𝑓𝜑 − 1.72 ∗ 10
−4)2.59 (2.3) 
𝜎𝑇ℎ𝑖𝑛𝑘𝑦 = 1.20 ∗ 10
3 𝑆/𝑚 (𝑓𝜑 − 1.72 ∗ 10
−3)2.69 (2.4) 
Although at first glance the sonicated composites have the lowest percolation 
threshold, it is important to consider all parameters in the percolation models. The 
constant, σo, should be on the same order of magnitude as bulk SWNTs, which is 105-
108 S/m [13, 115]. A constant that does not fall within this range is indicative of 
nanotube damage arising from harsh processing, decreasing the inherent nanotube 
electrical conductivity. This effect is very strongly seen in the sonicated composites, 
and somewhat in the Thinky mixed composites, while the composites prepared by 
three roll mill retain a high critical constant. The short residence time in the three roll 
mill can be attributed for minimizing nanotube damage. Another parameter to consider 
in evaluating percolation models is the critical exponent, n, which should be in the 
accepted range of 1-3 for three dimensional random dispersions [113].  A critical 
constant that is close to 3 is indicative of a system that retains high aspect ratio tubes, 
while a lower constant suggests nanotube damage and shortening during processing. 
The sonicated composites resulted in the lowest critical exponent of 1.30, while the 
three roll milled and Thinky-mixed composites resulted in critical exponents close to  
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Figure 2.2: Experimentally measured electrical conductivity as a function of volume fraction  and 
their corresponding percolation models for composites prepared using three different processing 
methods: sonication, Thinky shear rotational mixer, and three roll mill using a 20 µm gap. 
Experimental data and models are in excellent agreement.  
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3. The percolation models for these three series of composites are also plotted in 
Figure 2.2. The models and experimental results are in excellent agreement.  
Although the sonicated composites resulted in lowest percolation threshold, the 
constant and exponent were indicative of nanotube damage during processing, since 
the experimentally determined values were not in good agreement with accepted 
values. Upon closer examination of Figure 2.2, both the experimentally determined 
conductivities and percolation model for sonicated composites do not result in 
effective dispersion for high concentration composites, and are significantly 
outperformed by the three roll milled composites. This observation suggests that 
sonication is an effective method for nanotube dispersion at low concentrations, but in 
order to achieve the best dispersion possible at higher concentrations, other methods 
are more effective.  
The Thinky rotational mixer resulted in a fairly high percolation threshold, 
however, it imparts generally low shear forces with a high residence time (10 min 
processing time). It is interesting to note that the electrical conductivity measurements 
for Thinky-mixed composites result in two-stage percolation behavior. A rapid two 
order of magnitude increase is observed at low concentrations with a plateau region 
found up to ~0.001 Vf SWNTs before a second percolation event is observed. This 
could be due to the highly effective nature of the IL as a dispersant whereby free 
nanotubes are rapidly dispersed.  
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In contrast to the Thinky mixer, the three roll mill imparts high shear forces for 
only a few seconds at a time which reduces nanotube damage and material can be 
passed through the mill as many times as necessary to achieve the desired level of 
dispersion. These tunable parameters make three roll mill processing a desirable 
method for nanotube dispersion and composite preparation both at low and high 
concentrations that is also scalable.  
2.3.2 Dispersion Quality and Agglomeration Size 
In order to determine the quality of dispersion, SEM was used to evaluate 
uniformity of the composite. Figure 2.3 shows characteristic SEM images of fracture 
surfaces of 1.0 wt% SWNT composites processed by (a) sonication, (b) Thinky mixer, 
and (c) three roll mill using a 20 µm gap. Agglomerations are largest for composites 
processed using the Thinky mixer, with an average diameter of 8 µm. The 
agglomerations for composites processed by sonication and three roll mill are 
significantly smaller, measuring 2 µm and 1.5 µm, respectively. Although sonication 
results in excellent dispersion quality for low concentration composites, three roll 
milled composites exhibit excellent dispersion at higher concentrations.  
Electrical conductivity measurements in conjunction with percolation theory 
determined sonicated composites possess excellent dispersion at low concentrations, 
however, three roll milled composites possess a critical percolation very close to 
sonicated composites in combination with much higher conductivities for high 
concentration composites. In addition, SEM revealed small agglomerations 1.5 µm in 
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Figure 2.3: Characteristic SEM images of fracture surfaces of 1.0 wt% SWNT composites 
processed by (a) sonication, (b) Thinky mixer, and (c) three roll mill using a 20 µm gap. Circles 
and arrows highlight agglomerations and their approximate diameters for each composite.  
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diameter in three roll milled composites, which were smaller than agglomerations seen 
in composites prepared using other processing methods. For these reasons, three roll 
milling was determined to be the most promising method for synthesis of a true 
homogeneously dispersed nanotube-epoxy composite.  
2.4 Three Roll Mill Repeatability 
2.4.1 Percolation Threshold 
A second series of experiments in which composites were processed using the 
three roll mill with a 20 µm gap were prepared. Similar to the first series of 
composites, SWNT concentration varied from 0.0025-1.0 wt%. Figure 2.4 shows 
experimentally measured DC electrical conductivity as a function of SWNT volume 
fraction (Vf) for the three series of SWNT-IL-Epoxy composites prepared using 
different processing methods. Volume fraction was calculated from mass fractions, 
assuming SWNT [175] and epoxy [2] densities of 1.4 g/cm3 and 1.2 g/cm3, 
respectively. A sharp increase in electrical conductivity, from 10-8 to 10-6 S/m was 
observed at 0.02 wt% SWNTs (1.72x10-4 Vf) for Series 1 and 0.01 wt% SWNTs 
(8.57x10-5 Vf) for Series 2. These concentrations were used as critical percolation 
values (fφc) in the empirical percolation model [115]. The constant and exponent were 
determined by performing a linear least squares analysis of the data. The resulting 
percolation models for Series 1 and 2 are given by Equations 2.5 and 2.6, respectively.  
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𝜎𝑆𝑒𝑟𝑖𝑒𝑠 1 = 5.88 ∗ 10
5 𝑆/𝑚 (𝑓𝜑 − 1.72 ∗ 10
−4)2.59 (2.5) 
𝜎𝑆𝑒𝑟𝑖𝑒𝑠 2 = 3.99 ∗ 10
5 𝑆/𝑚 (𝑓𝜑 − 8.57 ∗ 10
−5)2.56 (2.6) 
In both cases, the critical constant falls within the range of electrical conductivity 
for bulk SWNTs [13, 115] and the exponent is within the accepted range of 1-3 for 
three dimensional random dispersions [113]. Percolation models for Series 1 and 2 are 
also plotted in Figure 2.4. The models and experimental results are in excellent 
agreement.  
The two series of composites processed using identical procedures (three roll mill 
with a 20 µm gap) resulted in experimentally measured electrical conductivity values 
as well as percolation models that are in excellent agreement with each other. The 
percolation models overlap over the entire concentration range, and only stray 
minimally at low concentrations, resulting in almost identical percolation thresholds. 
In addition, the calculated critical constant for both series of composites were on the 
same order of magnitude and within the accepted range for bulk electrical conductivity 
for SWNTs. The calculated exponents for both series of composites retained high 
values of 2.56 and 2.59, which are in excellent agreement with each other and within 
the accepted range of 1-3 for three dimensional random dispersions. Due to the 
excellent agreement in percolation thresholds, percolation models, and model 
parameters, three roll milling is determined to be a repeatable method for processing 
nanotube-epoxy composites.  
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Figure 2.4: Experimentally determined electrical conductivity for two series of SWNT-IL-Epoxy 
composites as a function of SWNT Vf, milled at a 20 µm gap and the corresponding percolation 
models.  
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2.4.2 Dispersion Quality of Composites 
Dispersion quality was carefully observed using SEM to determine uniformity of 
the composite. Figure 2.5 shows typical SEM images of the fracture surface of a 1.0 
wt% SWNT composite. The majority of the fracture surface appears to have well 
dispersed SWNTs, as highlighted by the inset in Figure 2.5a, and at higher 
magnification in Figure 2.5b. The composite also contains agglomerations measuring 
2-3 µm in diameter. While the agglomerations possess high local electrical 
conductivity, they remain isolated and might not contribute effectively to the 
percolating network [111]. The presence of these agglomerates also suggests that there 
is potential for improving the processing technique.  
2.5 Processing Optimization 
In an effort to reduce agglomeration size, the three roll mill gap was reduced from 
20 µm to 6.5 µm. All other processing conditions remained unchanged. A smaller gap 
size leads to higher shear forces potentially disentangling the SWNT bundles resulting 
in a composite with smaller agglomerations that should reduce percolation threshold. 
Reducing agglomeration size is expected to increase the amount of well dispersed 
tubes available for formation of a percolating network. 
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Figure 2.5: Fracture surface of 1.0 wt% SWNT-IL-Epoxy composite prepared by three roll 
milling using a 20 µm gap. SEM reveals SWNTs uniformly dispersed throughout the network 
with small agglomerations. SWNTs tied up in agglomerations have high local conductivity but do 
not contribute to a percolating network of SWNTs spanning the volume of the composite.  
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2.5.1 Percolation Threshold at a Reduced Three Roll Mill Gap Size 
A study was conducted at low concentrations to define the influence of three roll 
mill gap size on the critical percolation of SWNT-IL-epoxy composites. Multiple 
samples were synthesized at low concentrations in the range of 0.0025-0.02 wt% 
SWNTs using three roll mill gaps of 20 µm and 6.5 µm. Figure 2.6 shows the average 
and standard deviations of electrical conductivity measured for 4-5 samples at each 
concentration. The 20 µm and 6.5 µm gap composites consistently resulted in 
percolation thresholds of 0.01 wt% and 0.005 wt%, respectively.  Therefore, reducing 
the gap size resulted in reducing percolation threshold significantly.  
Reducing the gap size in the three roll mill resulted in a reduced critical 
percolation, so a third series of composites was prepared using a 6.5 µm gap, with 
SWNT concentrations in the range of 0.0025-1.0 wt%. Figure 2.7 shows 
experimentally measured DC electrical conductivity of the SWNT composite 
processed in this way as a function of volume fraction. The inset in Figure 2.7 shows 
conductivity at low SWNT concentrations. Using the reduced gap size, the percolation 
threshold was decreased to 4.3x10-5 Vf SWNTs (0.005 wt%). Experimental data from 
the 6.5 µm gap series was fit to the empirical percolation model (Equation 2.1) by 
linear least squares fit to yield the following parameters: 
𝜎6.5   µ𝑚 𝑔𝑎𝑝 = 4.02 × 10
5 𝑆
𝑚⁄ (𝑓𝜙 − 4.29 × 10
−5)
2.59
 
(2.7) 
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Figure 2.6: SWNT-IL-Epoxy composites at low concentrations in the range of 0.0025-0.02 wt% 
SWNTs. Three roll mill gap sizes of 20 µm and 6.5 µm consistently result in percolation 
thresholds of 0.01 wt% and 0.005 wt% SWNTs, respectively.  
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Experimentally measured electrical conductivity values and the corresponding 
percolation model are found to be in excellent agreement at the 6.5 µm gap as shown 
in Figure 2.7. As with previous model fits, the constant is on the same order of 
magnitude as bulk conductivity of SWNTs [13, 115] and the exponent is within 
accepted values of 1-3 for a 3-dimensional random dispersion [113]. Also shown in 
Figure 2.7 are the experimental data and models for Series 2 at 20 µm gap discussed 
earlier and the conductivity data for comparison.  
2.5.2 Reduced Gap in Three Roll Mill Significantly Reduced Agglomeration Size 
Processing the composite at the reduced gap resulted in the expected lower critical 
percolation, as shown Figure 2.7b, potentially related to a reduction in agglomeration 
size. Figure 2.8 shows representative SEM micrographs of fracture surfaces of SWNT-
IL-Epoxy composites at different concentrations and processed using different gap 
sizes. Figure 2.8a shows the fracture surface of 1.0 wt% SWNTs milled using a 20 µm 
gap, Figure 2.8b shows the fracture surface of 1.0 wt% SWNTs milled using a 6.5 µm 
gap, Figure 2.8c shows the fracture surface at the critical percolation of 0.01 wt% 
SWNTs milled using a 20 µm gap, and Figure 2.8d shows the fracture surface at the 
critical percolation of 0.005 wt% SWNTs milled using a 6.5 µm gap. At a high SWNT 
content of 1.0 wt%, processing the composite using a 20 µm gap size yields 
agglomerations up to ~15-20 µm in diameter (Figure 2.8a), as compared to 
agglomerations ~1-2 µm in diameter when processed at the reduced gap size of 6.5 
µm (Figure 2.8b). At the critical percolation of 0.01 wt% SWNTs for composites 
processed using a 20 µm gap, small agglomerations of 500 nm diameter were  
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Figure 2.7: Experimentally determined electrical conductivity of SWNT-IL-Epozy composites as 
a function of SWNT Vf. Experimental data shown includes Series 2 milled at a 20 µm gap, 
composite milled at 6.5 µm gap, and the corresponding percolation models for each.  
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Figure 2.8: Characteristic SEM micrographs showing agglomerations of SWNTs in SWNT-IL-
Epoxy composites processed at (a) 1.0 wt% SWNTs using a 20 µm gap, (b) 1.0 wt% SWNTs using 
a 6.5 µm gap, (c) percolation threshold of 0.01 wt% SWNTs using a 20 µm gap and (d) 
percolation threshold of 0.005 wt% SWNTs using a 6.5 µm mill gap. At the reduced gap size of 
6.5 µm the SWNTs appear to be more uniformly dispersed at high and low concentrations, unlike 
those agglomerated in images (a) and (c).  
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identified, whereas at a 6.5 µm gap, SWNTs appear to be more loosely bound and 
show improved distribution. This is a result of the higher shear forces that result from 
a smaller mill gap size. 
While SEM images of fracture surfaces can reliably provide information about 
nanotube agglomeration, it is difficult to distinguish individual nanotubes from 
nanotube ropes in areas that appear to be well dispersed [111]. This has led to 
increased recent use of TEM imaging to evaluate true nanoscale dispersion and 
distribution.  Figure 2.9 shows two representative TEM images, the first at the 
percolation threshold of 0.005 wt% SWNTs, and second image at a high loading of 1.0 
wt% SWNTs, both samples were processed using a 6.5 µm gap. These images reveal 
that at the percolation threshold of 0.005 wt% SWNTs individual SWNTs were found 
against the polymer background, suggesting that SWNTs were separated and do not 
undergo significant damage during three roll mill processing. At a high concentration 
of 1.0 wt% many individual tubes were observed crossing each other creating 
numerous pathways for a conductive network resulting in a composite with high 
electrical conductivity. 
Figure 2.9b shows generally good dispersion and distribution of SWNTs in the 
composite, and yet some areas of the composite appear to have SWNTs that are more 
tightly bound as compared to other areas. These areas as seen by TEM are ~50 nm in 
diameter, significantly smaller than those observed by SEM. It is often cited in 
literature that the morphology seen in Figures 2.8c and 2.8d suggests the presence of 
individually dispersed tubes. However, Figure 2.10 shows a SEM image of the  
109 
 
 
 
 
 
 
Figure 2.9: Characteristic TEM images at (a) percolation threshold of 0.005 wt% SWNTs, (b) 1.0 
wt% SWNTs for composites processed using a 6.5 µm gap. At the percolation threshold, a single 
nanotube is visible against the polymer matrix, and at 1.0 wt% SWNTs a network of tubes 
spanning the volume of the composite is clearly defined.  
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Figure 2.10: Characteristic SEM image with TEM inlay, scaled to have identical scalebars. This 
image shows that the SEM features previously believed to be individual SWNTs are in fact very 
small, loosely bundled SWNTs.  
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fracture surface of 1.0 wt% SWNT composite, with a TEM inlay of the same material. 
Both SEM and TEM images were prepared from the same piece of material. The SEM 
and TEM images have been sized to have identical scale bars, and upon doing so, 
show that the small features that are commonly believed to be individual tubes 
observed by SEM imaging could be very small nanotube agglomerations as revealed 
by the higher resolution achieved using TEM imaging. It is important to note that 
these small agglomerations have been infiltrated with the epoxy resin, since the 
nanotubes have a random morphology of separated tubes. 
2.6 Multi-Walled Carbon Nanotube and Amine-Functionalized Nanotube 
Composites 
After determining the most effective processing method for synthesis and 
dispersion of CNT-IL-Epoxy composites using only SWNTs, the study was expanded 
to include MWNTs and amine-functionalized SWNTs and MWNTs. The purpose of 
expanding the study was to determine the effect of different nanotube types and 
functionalities on the percolation threshold and dispersion quality of the resultant 
composites.  
2.6.1 MWNT-IL-Epoxy Composites 
The MWNTs used in this study have a diameter of 15 nm, and length of 1-5 µm, 
which results in an aspect ratio of 200. This aspect ratio is significantly smaller than 
the SWNTs used in previous studies, which exhibit an aspect ratio of 2000. Due to the 
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decreased aspect ratio of MWNTs, it can be assumed that the percolation threshold 
will be higher, based on theoretical percolation equation, which describes an inverse 
relationship between percolation threshold and nanotube aspect ratio [117, 118].  
MWNT-IL-Epoxy composites were prepared by three roll milling MWNTs, IL and 
epoxy for a total of 10 passes using a 6.5 µm gap size, and degased prior to cure. 
Composites were prepared over a MWNT concentration range of 0.005-1.0 wt%, and 
electrical conductivity was calculated from resistivity measurements, as described in 
Section 2.2.3. Figure 2.11 shows experimentally measured DC electrical conductivity 
as a function of nanotube volume fraction for MWNT composites. For comparison, 
the series of SWNT are included as well. The MWNT composites show a significant 
increase in electrical conductivity at 0.02 wt% MWNTs (1.14x10-4 Vf), and this value 
was used as the percolation threshold in the empirical percolation model presented in 
Equation 2.1. The full series of data was evaluated by linear least squares fit in order 
to determine the parameters for the percolation model.  
𝜎𝑀𝑊𝑁𝑇𝑠 = 170.2 
𝑆
𝑚⁄ (𝑓𝜙 − 1.14 × 10
−4)
1.45
 
(2.8) 
The critical constant, calculated to be 170.2 S/m, is within the range of electrical 
conductivity of bulk MWNTs, which is 102-106 S/m [17, 18]. The calculated 
exponent, 1.452, is within the acceptable range of 1-3 for three dimensional random 
dispersions [113]. However, the calculated exponent is closer to 1, which indicates 
that MWNTs were likely shortened during composite processing. The percolation 
model for MWNT composites is also plotted in Figure 2.11, and is in excellent  
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Figure 2.11: Experimentally determined electrical conductivity for SWNT- and MWNT-IL-
Epoxy composites as a function of nanotube volume fraction, Vf. Experimental data and 
percolation models are in excellent agreement.  
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agreement with experimental data. The electrical conductivity data and corresponding 
percolation model for SWNT composites is also shown for comparison.  
SWNT composites are generally more conductive than MWNT composites, which 
arises from the higher bulk electrical conductivity of SWNTs, which exceeds that of 
MWNTs by several orders of magnitude. In addition, MWNT composites exhibit a 
low percolation threshold, but SWNTs still result in a lower threshold due to their 
much larger aspect ratio.  
2.6.2 Effect of Amine-Functionalization of Nanotubes on the Percolation 
Threshold of CNT-IL-Epoxy Composites 
Amine functionalized SWNT were purchased from Nano Lab and have an average 
aspect ratio of 2000, and amine functionalized MWNT were purchased from Nanocyl 
and have an average aspect ratio of 105. Thermogravimetric Analysis (TGA) was used 
to determine the density of amine functional groups on the surface of the nanotube, 
shown in Figure 2.12. SWNT and MWNT degrade at temperatures of approximately 
400˚C and 600˚C, respectively, however they show some initial mass loss before they 
reach these temperatures. The initial mass loss corresponds to the amount of amine 
functional groups on the nanotube surface, which was measured to be 10% and 1% by 
weight for SWNT-NH2 and MWNT-NH2, respectively.  
Composites were prepared using a procedure identical to SWNT and MWNT 
composites prepared by three roll milling using a 6.5 µm gap. Composites were 
prepared over a CNT concentration range of 0.005-1.0 wt%, and electrical  
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Figure 2.12: Results of thermogravimetric analysis of amine functionalized SWNTs and MWNTs. 
The amount of amine functional groups on the nanotube surfaces was determined to be 10% and 
1% for SWNTs-NH2 and MWNTs-NH2, respectively.  
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conductivity was calculated from resistivity measurements, as described in Section 
2.2.3. Figure 2.13 shows experimentally measured DC electrical conductivity as a 
function of nanotube volume fraction for SWNT-NH2 and MWNT-NH2 composites. 
For comparison, SWNT and MWNT series are also included on the plot. The SWNT-
NH2 and MWNT-NH2 composites exhibited a several order of magnitude increase in 
electrical conductivity at 0.01 wt% (8.57x10-5 Vf) and 0.04 wt% (2.29x10
-4 Vf), 
respectively. These concentrations were used as the percolation thresholds in the 
empirical percolation model described in Equation 2.1. The complete series of data for 
each of the amine-functionalized nanotube composites was evaluated by a linear least 
squares analysis to determine the percolation models for SWNT-NH2 and MWNT-
NH2 composites, shown in Equations 2.9 and 2.10, respectively.  
𝜎𝑆𝑊𝑁𝑇−𝑁𝐻2 = 198.5 
𝑆
𝑚⁄ (𝑓𝜙 − 8.57 × 10
−5)
1.62
 
(2.9) 
𝜎𝑀𝑊𝑁𝑇−𝑁𝐻2 = 89.0 
𝑆
𝑚⁄ (𝑓𝜙 − 2.29 × 10
−4)
1.27
 
(2.10) 
Composites containing amine-functionalized SWNTs and MWNTs have higher 
percolation thresholds than pristine SWNTs and MWNTs composites despite being 
processed by identical procedures. This suggests that the amine-functionalized 
nanotubes do not contribute to creating a percolating network as effectively as pristine 
nanotubes. This difference could possibly be due to nanotube shortening or damage 
from functionalization procedures, but could also be attributed to nanotube-nanotube 
interactions (van der Waals forces) being affected by the presence of functional groups 
or nanotube-matrix interactions. The higher percolation thresholds resulting from 
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composites containing amine-functionalized nanotubes reflects evidence of covalent 
functional groups disturbing the sp2 hybridization needed for the desirable electrical 
properties of the nanotubes, which results in decreased bulk nanotube electrical 
conductivity. The calculated constant for both SWNT-NH2 and MWNT-NH2 
composites is significantly lower than the bulk conductivity of SWNTs and MWNTs, 
which is also indicative of nanotube damage arising from harsh functionalization 
procedures. Finally, the calculated exponents for SWNT-NH2 and MWNT-NH2 
composites falls within the range of 1-3 for three dimensional networks, however, the 
values are lower than the calculated exponents for composites prepared using pristine 
SWNTs and MWNTs. The low exponent values strongly suggest that nanotubes were 
shortened during functionalization procedures or composite processing, significantly 
decreasing the aspect ratio of amine-functionalized SWNT and MWNTs, thus 
negatively impacting their percolation thresholds and composite conductivity. 
Percolation models are shown in Figure 2.13, and are in excellent agreement with 
experimental data. Also included in Figure 2.13 are experimental data and 
corresponding percolation models for SWNT and MWNT composites, to highlight the 
influence of amine functionality on the percolation thresholds of nanotube-IL-Epoxy 
composites.  
The overall conductivity of composites containing pristine SWNTs is significantly 
higher than those containing SWNT-NH2, however electrical conductivity for MWNT 
and MWNT-NH2 composites appears to overlap. This discrepancy is most likely due 
to the greater amount of amine functional groups on the SWNTs (10%), which 
severely disrupts the electrical integrity of the tube. MWNTs, on the other hand,  
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Figure 2.13: Experimentally determined electrical conductivity for four series of nanotube-IL-
Epoxy composites as a function of nanotube volume fraction, Vf. Experimental data and 
percolation models are in excellent agreement.  
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contain a lesser amount of amine functional groups (1%), causing less damage to the 
nanotube. When introducing covalent functional groups to MWNTs only the 
outermost shell is damaged and the inner shells remain intact, retaining the high 
electrical conductivity of pristine MWNTs. This is not the case for SWNTs, because 
by introducing covalent functional groups the electrical properties of the one and only 
shell have been compromised.  
2.6.3 Dispersion Quality 
Macroscopic dispersion quality was investigated using SEM microscopy. Figure 
2.14 shows characteristic SEM images of fracture surfaces of nanotube-IL-Epoxy 
composites containing (a) 1.0 wt% SWNTs, (b) 1.0 wt% SWNT-NH2, (c) 1.0 wt% 
MWNTs, and (d) 1.0 wt% MWNT-NH2. The composites containing pristine SWNTs 
and MWNTs (Figures 2.14a and 2.14c) show what appears to be a low density of 
nanotubes at the fracture surface, but the nanotubes appear to be longer, indicative of 
poor interfacial adhesion that results in nanotube pull-out. The composites containing 
amine-functionalized SWNTs and MWNTs (Figures 2.14b and 2.14d) show many 
nanotubes broken at the fracture surface, suggesting the nanotubes do not pull out 
since they are bonded to the polymer matrix, and broken close to the fracture surface. 
These composites also appear to have a slightly larger diameter than pristine 
nanotubes, which is most likely due to amine-functionalized nanotubes being sheathed 
with a thin layer of epoxy which had bonded with the amine functional groups. All 
four series of composites show generally uniform distribution of tubes with little or no 
nanotube agglomeration.  
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While SEM images of fracture surfaces can reliably provide information about 
macroscale nanotube distribution, it is difficult to distinguish individual nanotubes 
from nanotube ropes in areas that appear to be well dispersed [111]. This has led to 
increased use of TEM imaging to evaluate true nanoscale dispersion and distribution. 
Figure 2.15 shows characteristic TEM images of nanotube-IL-Epoxy composites 
containing (a) 1.0 wt% SWNTs, (b) 1.0 wt% SWNT-NH2, (c) 1.0 wt% MWNTs, and 
(d) 1.0 wt% MWNT-NH2. All four series of composites show excellent nanoscale 
dispersion of nanotubes. Composites containing pristine SWNTs (Figure 2.15a) show 
a few nanotubes that appear to be very close to each other at the top left portion of the 
image. These SWNTs appear grouped, although it is clear to see that epoxy has 
infiltrated the agglomeration and separated the tubes from one another, even if it is 
only enough that the tubes are no longer touching each other. The composite 
containing MWNTs (Figure 2.15c) shows a coiled MWNT in the image which retains 
its morphology yet it is separated from other tubes. SWNT-NH2 and MWNT-NH2 
composites (Figures 2.15b and 2.15d) show high aspect ratio tubes that are separated 
from one another, with more polymer material between tubes as compared to the 
pristine nanotube composites.  
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Figure 2.14: Characteristic SEM images of fracture surfaces of (a) 1.0 wt% SWNT composite, (b) 
1.0 wt% SWNT-NH2 composite, (c) 1.0 wt% MWNT composite, and (d) 1.0 wt% MWNT-NH2 
composite.  
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Figure 2.15: Characteristic TEM images of (a) 1.0 wt% SWNT composite, (b) 1.0 wt% SWNT-
NH2 composite, (c) 1.0 wt% MWNT composite, and (d) 1.0 wt% MWNT-NH2 composite.  
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2.7 Amine Cured Nanotube-Epoxy Composites 
There are published reports of the use of three roll milling for nanotube dispersion 
[49, 61, 62] but the use of the IL dispersant/initiator in this work is novel. In order to 
demonstrate the benefit of the IL dispersant/initiator, composites with SWNT 
concentrations in the range of 0.01-1.0 wt% were synthesized with an amine hardener. 
The amine curing agent used in this study was 4,4’-Diaminoxicyclohexylmethane 
(PACM). The series of amine-cured composites was prepared by dispersing SWNTs 
directly into the epoxy by using the three roll mill (20 µm gap) for a total of 10 passes. 
The amine hardener was added after processing and mixed into the composite using a 
Thinky ARE-250 centrifugal planetary mixer at 2000 rpm for 5 minutes. The 
stoichiometric ratio of epoxy to amine is 100:28 by weight. The liquid composite 
followed an identical cure schedule as the IL composite. Cured samples were sanded, 
polished and followed the same procedure for electrical conductivity measurements as 
IL composites.  
The nanocomposites cured using PACM exhibited a percolation threshold of 0.5 
wt% SWNTs (4.29x10-3 Vf), which is two orders of magnitude higher than IL-cured 
composites processed with the same mill gap size. Electrical conductivity of SWNT-
PACM-Epoxy composites at various SWNT concentrations are shown in Figure 2.16. 
This series of data did not contain enough data points above the percolation threshold 
to determine a percolation model, however it is obvious that the IL system clearly 
outperforms the PACM system as shown by much lower critical percolation and 
generally higher conductivity.  
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Figure 2.16: Electrical conductivity measurements as a function of SWNT volume fraction for 
SWNT composites dispersed via three roll mill using a 20 µm gap. Two sets of data are shown: 
the red markers represent IL-cured composites, and yellow markers represent PACM-cured 
composites.  
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2.8 Properties of Unmodified Epoxy Matrix 
The electrical properties of the matrix can influence composite behavior. In the 
case of IL-cured composites, the IL is reacted into the matrix and it is assumed that 
there are no free ions remaining that contribute to ionic conductivity of the composite. 
Liquid phase dispersion of composites is evaluated using optical microscopy to ensure 
that dispersion is not significantly altered by either curing agent (IL or PACM), and 
network rigidity and impedance are evaluated to confirm that IL curing agent does not 
contribute to composite conductivity.  
Liquid-phase dispersion quality is commonly evaluated using optical microscopy 
to observe composite uniformity prior to cure [38, 113, 115, 121, 176]. Figure 2.17 
shows optical micrographs of three composites, all of which have a SWNT 
concentration of 0.1 wt% and were processed by three roll milling. The top row of 
images, Figures 2.17a-c, show the composites in the liquid state after processing, 
while the bottom row of images, Figures 2.17d-f, show the composites after cure. 
Figure 2.17a shows SWNTs milled directly into epoxy and exhibits poorest 
dispersion, observed by the rough texture of the nanotubes in epoxy. However 
dispersion quality is enhanced with the addition of amine curing agent, PACM, 
resulting in a more uniform dispersion, shown in Figure 2.17b. SWNTs milled into 
epoxy and IL result in the best dispersion quality exhibited in Figure 2.17c, with 
excellent uniformity and no signs of SWNT agglomeration Figure 2.17d shows 
SWNTs milled into epoxy, and although this material does not contain a curing agent, 
it still underwent the same cure schedule to observe the effect of temperature on 
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reagglomeration. Significant reagglomeration of SWNTs was observed, with 
agglomerates measuring up to 200 µm in diameter. The composite cured with PACM 
curing agent, shown in Figure 2.17e, shows a rougher texture than the liquid state, 
which arises from reagglomeration of SWNTs, however, the relatively quick cure of 
the composite retains a moderate state of dispersion as compared to epoxy without 
curing agent. Finally, Figure 2.17f shows the cured state of SWNT-IL-Epoxy 
composite, which does appear to show some agglomeration, but the state of dispersion 
remains the most homogeneous of the three composites. 
Composite behavior can be influenced by electrical properties of the matrix. The 
electrical conductivity of epoxy cured with various curing agents was measured as a 
function of frequency and is shown in Figure 2.18. Electrical conductivity was 
calculated from through-plane resistivity measurements using Electrochemical 
Impedance Spectroscopy (EIS) at 5V over a frequency range of 0.1 Hz to 1 MHz 
using a Gamry Potentiostat 3000. Epoxy curing agents investigated were 9 wt% IL, 15 
wt% IL, 30 wt% IL, PACM, and PACM/IL. The electrical conductivity increases with 
frequency because of higher ion mobility at higher frequencies. The electrical 
conductivity of matrices cured using 9 wt% IL, 15 wt% IL, PACM and PACM/IL 
generally overlap and exhibit a trend typical of an insulating material. However, the 
epoxy cured with 30 wt% IL results in significantly higher electrical conductivity, 
indicative that at this concentration not all the IL is consumed in polymerization and 
unreacted ions in the material contribute to ionic conductivity. The IL content used in 
this work for preparation of SWNT composites is 15 wt% IL, strongly suggesting that 
the IL-cured network does not contribute to electrical conductivity by ion mobility  
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Figure 2.17: Optical micrographs of 0.1 wt% SWNT composites in the liquid (a-c) and cured (d-f) 
states. 
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Figure 2.18: Electrical conductivity as a function of frequency for epoxy matrices containing no 
nanotubes cured with various contents of IL and PACM.  
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because the IL is fully reacted into the matrix. Therefore, the excellent SWNT-IL-
Epoxy composite electrical properties and ultralow percolation threshold arise solely 
from dispersion quality. 
Dynamic mechanical properties of unmodified matrices are an important 
consideration in nanocomposite preparation, and unmodified matrix properties were 
determined using a TA Instruments Dynamic Mechanical Analysis (DMA) 2950. The 
procedure used was a temperature ramp of 2˚C/min from room temperature to 150˚C. 
Figure 2.19 shows representative storage modulus and loss modulus curves as a 
function of temperature for unmodified IL-cured epoxy and an IL-epoxy composite 
containing 1.0 wt% SWNTs. Glass transition peaks are observed for both matrices, 
evaluated to be 83˚C and 90˚C for unmodified IL-cured epoxy and 1.0 wt% SWNTs 
composite, respectively. Previous work by our group found an inverse relationship 
between IL content and Tg of the cured network [141]. Above 25 wt% IL, the Tg drops 
dramatically and at 30 wt% IL, the matrix exhibits a Tg of ~0˚C, behaving as a rubber 
at room temperature due to excess IL that is not consumed in polymerization. The IL 
content used in this work for preparation of CNT composites (15 wt% IL) was chosen 
based on the relationship between IL content and matrix properties. While a higher IL 
content could potentially provide an even better dispersion of SWNTs, the IL content 
needs to be low enough to ensure the IL is consumed in polymerization and does not 
negatively impact composite behavior or mechanical properties. 
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Figure 2.19: Characteristic DMA plots for unmodified IL-cured epoxy and IL-Epoxy composite 
containing 0.5 wt% SWNTs.  
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2.9 Drawing Comparisons 
Three roll milling in conjunction with the IL dispersant/initiator resulted in a well-
dispersed composite with a critical percolation in excellent agreement with the 
calculated percolation models. Experimentally determined percolation thresholds can 
be compared to predictions by Theoretical Percolation to evaluate quality of the 
composite. Experimentally determined percolation thresholds can also be compared to 
percolation thresholds presented in literature to determine dispersion quality as 
compared to work published in literature reports.  
2.9.1 Comparisons to Theoretical Percolation Threshold 
Experimentally determined percolation thresholds can be compared to theoretical 
percolation thresholds. Theoretical percolation is based on the excluded volume 
model, discussed in great detail in Section 1.3.3.3. Equation 1.6 shows the relationship 
between percolation threshold and nanotube aspect ratio, and is simplified to Equation 
2.11 below.  
𝜑𝑐 =
1
2𝛼
 
(2.11) 
The SWNT and SWNT-NH2 used in this study have an aspect ratio of 2000, 
MWNTs have an aspect ratio of 200 and MWNT-NH2 have an aspect ratio of 105. 
These values correspond to theoretical percolation thresholds of 2.5x10-4 Vf SWNTs 
or SWNT-NH2, 2.5x10
-3 Vf MWNTs, and 4.8x10
-3 Vf MWNT-NH2. For each of the 
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four series of composites, the experimentally determined percolation threshold is 
lower than theoretical predictions, in some cases by an order of magnitude.  
Experimentally determined percolation thresholds lower than predictions by the 
excluded volume model have been presented in previous publications and provide 
possible explanations for this phenomenon. Most articles cite attractive nanotube 
interactions resulting in tube movement/reaggregation at low concentrations [27, 113, 
121] or filler-polymer interactions [120]. The work of Kyrylyuk et al. [122] calculated 
percolation thresholds for various filler-polymer combinations and suggested that a 
higher matrix dielectric constant will contribute to lower thresholds. More recently, 
Mutiso et al. [124] completed a series of Monte Carlo simulations concluding that 
polydispersity plays an important role in percolation threshold and found that high 
aspect ratio tubes have a more significant contribution to the percolating network.  
The work of Bryning et al. [27] achieved a very low percolation threshold and 
attributed this to a strongly interacting nanotube system approaching the dilute regime. 
A dilute regime is defined as one having sufficiently low concentration that the 
average distance between particles is much larger than their length [116]. In this dilute 
regime, the excluded volume of each rod is a sphere of diameter L, modifying the 
percolation threshold to scale with 1/α2, subsequently lowering the predicted 
percolation threshold [27, 177, 178]. In addition, the work of Carmona et al. [179] 
achieved low percolation thresholds  for carbon fiber-epoxy composites, and found the 
relationship of percolation threshold to scale with 1/ℓ2.  This relationship was based on 
experimental results and limited to high aspect ratio fibers and low concentration 
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composites. The ultralow percolation threshold achieved in this work is most likely a 
combined result of a well-dispersed composite approaching the dilute regime in which 
electron tunneling is the main conduction mechanism [122], attractive interactions 
between nanotubes via van der Waals interactions, and high aspect ratio tubes making 
a significant contribution to forming a percolating network, which holds especially 
true for SWNT composites.  
2.9.2 Literature Comparisons 
The percolation thresholds obtained in this work can be compared to literature 
reports of nanotube-epoxy composites. Although percolation thresholds for all 
experimental studies are obtained similarly, and reported in volume fraction, 
percolation thresholds are best compared as weight fractions, since nanotube and 
epoxy densities vary among reports based on manufacturer and nanotube synthesis 
methods. Tables A.1 and A.2 in Appendix A contain comprehensive summaries of 
SWNT and MWNT percolation thresholds presented in literature, with the values 
obtained in this work highlighted in yellow.  
For SWNT-Epoxy composites, the percolation threshold obtained in this work is 
amongst the lowest reported in literature, with a value of 0.005 wt% SWNTs. This 
percolation threshold matches the work by Bryning et al. [27], published almost 10 
years ago. The work by Bryning is still regarded as one of the best reports of well-
dispersed SWNT-Epoxy composites in literature. Bryning dispersed SWNTs into 
epoxy by initially sonicating SWNTs in DMF. The SWNT-DMF solution was added 
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to epoxy stepwise under ultrasonication, and DMF was evaporated prior to cure. The 
sample that achieved the lowest percolation threshold was cured in a conventional 
oven, allowing attractive interactions to lower threshold concentrations when the 
particles assembled to form long chains. The sample with lowest percolation threshold 
contained Laser-oven tubes, which exhibited a higher aspect ratio than HiPCO tubes, 
and these results are to be expected based on classical percolation theory. The 
equivalent, low percolation threshold of 0.005 wt% SWNTs obtained in this work was 
achieved using single-step, streamlined processing methods which are significantly 
simpler that the methods used by Bryning.  
Although the MWNT-Epoxy composites in this work exhibited a low percolation 
threshold of 0.02 wt% MWNTs, there are several lower percolation thresholds 
achieved in literature. These include work by Kovacs et al. [125] (fφc = 0.0024 wt% 
MWNTs), Moisala et al. [52] (fφc = 0.0025 wt% MWNTs), Sandler et al. [107] (fφc = 
0.005 wt% MWNTs), Hollertz et al. [127] (fφc = 0.008 wt% MWNTs), Kovacs et al. 
[121] (fφc = 0.011 wt% MWNTs), Rosca et al. [126] (fφc = 0.0117 wt% MWNTs), 
Mehdipour et al. [128] (fφc = 0.012 wt% MWNTs), and finally, Spitalsky et al. [85] 
(fφc = 0.012 wt% oxidized-MWNTs). There are many variables that come into play in 
the percolation threshold of MWNT composites, since MWNTs can be synthesized in 
many different ways, possess various aspect ratios, and different amounts of 
concentric tubes, all of which carry an effect on the composite percolation threshold. 
Kovacs and Sandler achieved among the lowest percolation thresholds, which can 
possibly be attributed to their use of aligned-grown MWNTs. Aligned-grown MWNTs 
are synthesized in a manner in which they grow in aligned MWNT forests and 
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subsequently these types of MWNTs are significantly easier to disperse as compared 
to heavily entangled MWNTs. Various processing methods were used as well, for 
example Moisala used a high shear mixer and Hollertz used a high pressure 
homogenizer, while Rosca and Mehdipour both used three roll mill for nanotube 
dispersion similar to this work. The oxidized MWNTs used by Spitalsky may have 
affected dispersion, by promoting nanotube-matrix interactions, enabling nanotube 
debundling. As previously mentioned, MWNT synthesis method and aspect ratio are 
critically important parameters for composite preparation, however, not all literature 
reports contain this information, which would result in a more accurate evaluation.  
2.10 Conclusions 
Synthesis and processing methods were developed for nanotube-epoxy composites 
using an ionic liquid dispersant/initiator. Three processing methods were evaluated: 
ultrasonication, Thinky centrifugal planetary mixer, and three roll mill. Composite 
dispersion quality was evaluated by electrical conductivity measurements in 
conjunction with percolation theory to develop percolation models, as well as 
qualitative assessment by SEM and TEM imaging. The three roll mill processed 
composites resulted in the best dispersion based on the combination of low percolation 
threshold and high electrical conductivity of high nanotube concentration composites.  
Three roll milling was shown to be a repeatable method for nanocomposite 
synthesis, and by decreasing the gap between the rolls, higher shear forces were 
imparted on the liquid composite which resulted in achieving an ultralow percolation 
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threshold of 0.005 wt% SWNTs, comparable with the best percolation thresholds 
presented in literature. Studies were expanded to include four series of composites: 
SWNTs, SWNT-NH2, MWNTs and MWNT-NH2. Composites containing amine-
functionalized nanotubes exhibited a higher percolation threshold than composites 
containing pristine nanotubes, which is most likely due to nanotube shortening and 
disruption of the sp2 hybridized network that is necessary for their inherently high bulk 
electrical conductivity.  
Composites prepared using the IL dispersant/initiator were compared to 
composites cured with a traditional amine curing agent, PACM, to highlight the 
effectiveness of IL as a dispersant for nanotubes. Results indicate that PACM-cured 
SWNT-Epoxy composites possess a percolation threshold two orders of magnitude 
greater than composites processed using the ionic liquid. This comparison of 
percolation threshold results for similar three roll mill processing of amine cured 
epoxies determined that the use of ionic liquid as a dispersant and curing agent is an 
enabling factor for this outcome.  
This vast difference in composite conductivity of amine- and ionic liquid-cured 
composites does not arise from differences in epoxy network properties. Impedance 
spectroscopy was used to analyze amine- and ionic liquid-cured epoxy networks at 
various concentrations and results indicate that all networks possess the same 
electrical conductivity. Therefore, the ultralow percolation threshold achieved in this 
work is solely a result of excellent nanotube dispersion in epoxy resin.  
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The ultralow percolation thresholds for all four series of composites are 
comparable with the values found in literature, yet they were obtained using a 
simplified and streamlined process. The broader impact of this work includes well-
dispersed nanocomposite synthesis using other carbon-based nanofillers such as 
graphene, carbon onions, carbon black, nanodiamond, and other fillers such as silica 
and alumnia nanoparticles, among others. This work presents the methodology for 
streamlined, yet scalable synthesis of well-dispersed nanocomposites in the future.  
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CHAPTER 3 MECHANICAL PROPERTY ENHANCEMENT OF 
WELL-DISPERSED NANOTUBE-EPOXY COMPOSITES 
 
3.1 Introduction and Objectives 
The work in this chapter evaluates if well dispersed nanotube-epoxy composites 
synthesized with the ionic liquid dispersant/initiator to polymerization results in the 
anticipated mechanical property enhancements. This work also evaluates the role of 
the nanotube-matrix interface in nanotube-epoxy composites on final mechanical 
behavior. The mechanical property enhancements of interest are Young’s modulus, 
tensile strength, and fracture toughness.  
3.2 Young’s Modulus 
Epoxies are thermosetting resins that are important in high performance structural 
applications [1, 3], and their properties can be modified by the inclusion of a second 
phase [4, 29]. Carbon nanotubes have been reported to have a Young’s modulus as 
high as 1 TPa depending on their structure and manufacturing method [11] and 
therefore have attracted much interest in the development of advanced composite 
networks, particularly in structural light weight composites [5, 25]. The inclusion of 
carbon nanotubes in epoxy resins holds great potential for Young’s modulus 
improvement of epoxy resins, however, there has been limited success in translating 
the nanoscale properties to macroscale composites with enhanced mechanical 
properties. These shortcomings in mechanical property improvements are mostly 
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attributed to poor dispersion of the filler [5, 29, 144] and poor stress transfer from the 
polymer to the dispersed filler phase [26, 56, 110, 144].   
3.2.1 Composite Preparation and Testing Methods  
Nanocomposite mechanical properties are dependent on the quality of dispersion, 
and this work evaluates the Young’s modulus improvements of four series of well-
dispersed nanotube-IL-Epoxy composites prepared using the methods described in 
Chapter 2. The four series of composites are SWNTs, SWNT-NH2, MWNTs, and 
MWNT-NH2.  
Nanotubes, IL and epoxy were combined using an IL concentration of 15 wt% 
with respect to epoxy, and nanotube concentrations ranging from 0.01-1.0 wt% for all 
composites. The composites were processed using a three roll mill with a 6.5 µm gap. 
The procedure is explained in much greater detail in Chapter 2. Liquid composites 
were poured into dog bone shaped molds, and cured composites were sanded and 
polished to even thickness. Composite dispersion was evaluated by electrical 
conductivity measurements in conjunction with percolation theory, and confirmed to 
be in excellent agreement with the best dispersed composites obtained for each of the 
four series of composites in Chapter 2 prior to mechanical evaluation.  
Composite mechanical properties were evaluated in tension in accordance with 
ASTM D638-03 [180]. Composite samples were prepared in dog bone shaped molds, 
following Type IV sample size specified in the standard, modified to have a 12.5 mm 
gage length to accommodate the strain gage extensometer (dynamic extensometer 12.5 
mm GL ± 5 mm travel, part number 2620-601). The extensometer was clamped along 
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the gage length of the sample, and composite dog bone samples were loaded into an 
Instron 8872. The test was carried out at a constant strain rate of 1 mm/minute. The 
test was paused at 0.5% strain, and the extensometer was removed before resuming the 
test. A minimum of 5 samples were tested for each composite concentration, as 
specified by the ASTM standard. Young’s modulus was calculated from the stress-
strain relation recorded by the extensometer.  
3.2.2 Results 
Nanocomposite Young’s modulus values were evaluated by performing tensile 
tests in accordance with ASTM D638-03 for the unmodified IL-cured epoxy network, 
and for four series of composites: SWNTs, SWNT-NH2, MWNTs, and MWNT-NH2. 
All four series of composites were evaluated and nanotube concentrations of 0.01, 
0.05, 0.1, 0.5, and 1.0 wt%. Young’s modulus was calculated from the slope of the 
stress-strain curves for each of the composites. Figure 3.1 shows tensile stress-strain 
relationships for six samples of unmodified IL-cured epoxy, up to a strain rate of 
0.5%. The tensile stress-strain plots for each of the six samples are in excellent 
agreement with each other and overlap. A linear line of best fit was applied to each set 
of data, and Young’s modulus is calculated by dividing the slope of the best fit line by 
10 to obtain experimentally measured Young’s modulus values in units of GPa. The 
Young’s modulus of the unmodified IL-cured epoxy is calculated to be 2.84 GPa with 
a standard deviation of 0.09 GPa.  
Nanotube-IL-Epoxy composites generally exhibit an enhancement over the 
unmodified IL-cured epoxy network. Figure 3.2 shows YM enhancements for the four  
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Figure 3.1: Characteristic tensile stress-strain plots for unmodified IL-cured epoxy resin, shown 
for six samples of the same material. A linear fit line was calculated for each set of data, and 
experimentally measured Young’s modulus is calculated from the slope of the linear fit equations.  
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series of composites at nanotube concentrations ranging from 0.01-1.0 wt%, compared 
to the unmodified IL-cured epoxy, represented by the grey bar. SWNT composites are 
represented by red bars, SWNT-NH2 composites are represented by the orange bars, 
MWNT composites are represented by the blue bars, and MWNT-NH2 composites are 
represented by the pink bars. Nanotube-IL-Epoxy composites show a general linear 
increase in YM values with increasing nanotube content. All experimentally 
determined YM values for nanotube composites were obtained by evaluating the 
tensile stress-strain relationships in the linear region up to a strain of 0.5%. All tensile 
stress-strain data can be found in Appendix D.  
In order to more critically evaluate the effect of nanotube reinforcement based on 
nanotube type (SWNT vs MWNT) and the role of the enhanced interface via covalent 
amine functional groups, it is best to evaluate each set of data individually. Figure 3.3 
shows YM enhancements of pristine SWNT and MWNT composites only. SWNT 
composites exhibit a greater YM enhancement than MWNT composites, and this 
observation is amplified at higher nanotube concentrations, namely, at the maximum 
concentration of 1.0 wt% nanotubes. At 1.0 wt%, SWNT and MWNT composites 
exhibit a significant difference in reinforcing effects, with experimentally measured 
YM values of 3.45 GPa and 3.12 GPa, respectively. The greater reinforcing efficiency 
of SWNT composites as compared to MWNT composites is most likely due to higher 
intrinsic mechanical properties of SWNTs over MWNTs.  
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Figure 3.2: Young’s modulus enhancements for four series of well-dispersed CNT-Epoxy 
composites prepared using the IL dispersant/initiator. The four series of composites evaluated 
include SWNT, SWNT-NH2, MWNT and MWNT-NH2.  
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Figure 3.3: Young’s modulus enhancements of SWNT and MWNT composites prepared using IL 
dispersant/initiator, compared to unmodified IL-cured epoxy resin.  
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An enhanced interface in nanotube-epoxy composites was achieved via covalent 
amine functionalization of SWNTs and MWNTs. Figure 3.4 shows two plots of YM 
enhancements for composites containing amine-functionalized nanotubes: (a) YM 
enhancements for SWNT and SWNT-NH2 composites, and (b) YM enhancements for 
MWNT and MWNT-NH2 composites. Amine-functionalized SWNTs consistently 
exhibit greater enhancements in YM as compared to pristine SWNTs, shown in Figure 
3.4a. SWNTs-NH2 have approximately 10% amine groups on the nanotube surface, as 
was evaluated in Section 2.6.2, and this is likely why SWNT-NH2 composites result in 
a significant improvement in YM as compared to pristine SWNTs. This is a relatively 
large amount of amine groups available for reaction with the epoxide, however, the 
IL-epoxy reaction chemistry is assumed to remain unaffected. The effect of amine-
functionalized MWNTs on YM enhancement of composites is quite different. It is 
important to mention that MWNTs have significantly less amine groups on the 
MWNT surface, measured to be only approximately 1%. The enhanced interface of 
MWNT-NH2 composites is not translated to the experimentally measured YM results 
when compared to pristine MWNT composites.  At each concentration evaluated, 
there is significant scatter in YM results, and it is not possible to determine whether 
MWNT or MWNT-NH2 generally outperform the other. This is likely due to the much 
lower amount of amine functional groups on the MWNT surface. However, it is 
difficult to evaluate the role of an enhanced interface by YM measurements, since 
small enhancements in stress transfer from the polymer to the nanotube phase are 
difficult to distinguish.   
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Figure 3.4: YM enhancements for nanotube-epoxy composites with an enhanced nanotube-matrix 
interface via covalent amine functionality, (a) SWNT and SWNT-NH2 composites, and (b) 
MWNT and MWNT-NH2 composites.  
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Young’s modulus enhancements for nanotube-epoxy composites prepared using 
the IL dispersant/initiator are comparable with experimental Young’s modulus 
enhancements seen in literature. Compiled in Figure 3.5 are all Young’s modulus 
enhancements published in literature reports, shown as percent increase. Pristine 
SWNT and MWNT composites are represented by filled and open blue diamonds, 
respectively; functionalized SWNT and MWNT composites are represented by filled 
and open red squares, respectively; and finally, SWNT and MWNT composites 
prepared with the IL dispersant/initiator are shown by filled and open gold triangles, 
respectively. The majority of composites exhibit YM enhancements <100% increase, 
and a surprisingly large amount show decreases in YM with the addition of nanotubes. 
The composites exhibiting the greatest increases in YM are pristine SWNT and 
MWNT composites, and composites containing functionalized nanotubes do not 
appear to show noteworthy improvements. The composites prepared using the IL 
dispersant/initiator show relatively small YM enhancements, but seem to fall within 
the median range with respect to all other composites.   
 
3.3 Micromechanics Homogenization Model 
SWNT-IL-Epoxy composites were also prepared at 2.0 and 5.0 wt% 
concentrations, to determine if the linear increase in YM enhancement continued 
beyond the relatively low 1.0 wt% SWNT concentration. Experimentally measured 
YM for SWNT-IL-Epoxy composites resulted in a plateau in YM for composites 
containing greater than 1.0 wt% SWNTs, to be discussed in great detail in Section  
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Figure 3.5: A compilation of all Young’s modulus enhancements in literature and Young’s 
modulus enhancements for composites prepared using the IL dispersant/initiator, shown as 
percent increase as a function of nanotube concentration.  
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3.3.2. A series of parametric studies of agglomeration, dispersion, aspect ratio and 
constituent mechanical properties were implemented and evaluated to suggest 
enhancements in YM. A micromechanics homogenization method (MHM) [181-183] 
coupled with an agglomeration model [175, 183] for determining effective mechanical 
properties of SWNT-Epoxy composites was chosen. The MHM (based on the Mori-
Tanaka approach) accounts for non-uniform dispersion and distribution of SWNTs in 
the macroscopic behavior of the composite by basing model parameters directly on an 
experimental system, and was used to estimate overall mechanical properties of 
SWNT-IL-Epoxy composites.  
3.3.1 Experimentally Determined Young’s Modulus and Composite Parameters 
SWNT-IL-Epoxy composites were also prepared at 2.0 and 5.0 wt% 
concentrations, to determine if the linear increase in YM enhancement continued 
beyond the relatively low 1.0 wt% SWNT concentration. Figure 3.6 shows 
experimentally measured YM of SWNT-IL-Epoxy composites over a SWNT 
concentration range of 0.01-5.0 wt%. The YM of the unmodified IL-cured epoxy 
matrix is 2.84 GPa. At low concentrations of 0.01, 0.05, and 0.1 wt% SWNTs, the 
composites exhibited YM of 2.92 GPa, 2.95 GPa, and 3.14 GPa, respectively. These 
experimental YM values correspond to 2.82%, 3.87%, and 10.56% increases with 
respect to the unmodified network. At high concentrations of 1.0, 2.0, and 5.0 wt%, 
the composites exhibited YM of 3.45 GPa, 3.46 GPa, and 3.51 GPa, respectively. 
These experimental YM values correspond to 21.48%, 21.83%, and 23.59% increases 
with respect to the unmodified network. SWNT-IL-Epoxy composites exhibit 
enhancements in YM up to a concentration of 1.0 wt% SWNTs, at which point  
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Figure 3.6: Experimentally measured Young’s modulus of SWNT-IL-Epoxy composite, with 
SWNT concentration in the range of 0.01-5.0 wt%.  
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increases in SWNT concentration did not result in any further significant YM 
improvement. 
The distribution of nanotubes at the microscale and nanoscale are best evaluated 
by SEM and TEM characterization, respectively. Figure 3.7 contains two columns of 
characteristic SEM and TEM micrographs of low concentration SWNT-IL-Epoxy 
composites, used to qualitatively assess dispersion. The column on the left contains 
SEM images, while the right column contains TEM images at a higher resolution. The 
top row shows images of 0.01 wt% SWNTs composite, the middle row contains 
images of 0.05 wt% SWNTs composites, and the last row contains 0.1 wt% SWNT 
composites. SEM and TEM images were prepared from the same composite sample. 
SEM images of low concentration composites reveal a generally well dispersed 
material, and upon closer observation via TEM imaging, a mixture of well dispersed 
tubes with some agglomerations spans the composite. Agglomerations appear loosely 
bound, which is a result of the IL and polymer network infiltrating the bundles and 
disrupting the tube-tube attractions.  
Similarly, SWNT dispersion and distribution was also evaluated for high 
concentration composites. Figure 3.8 contains two columns of characteristic SEM and 
TEM micrographs of high concentration SWNT-IL-Epoxy composites. The column on 
the left contains SEM images, while the right column contains TEM images at a 
higher magnification. The top row shows images of 1.0 wt% SWNTs composite, the 
middle row contains images of 2.0 wt% SWNTs composites, and the last row contains 
5.0 wt% SWNT composites. SEM and TEM images were prepared from the same 
composite sample. SEM images of high concentration composites reveal a randomly  
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Figure 3.7: The left column contains characteristic low magnification SEM micrographs (a-c) of 
low concentration SWNT-IL-Epoxy composites at 0.01, 0.05, and 0.1 wt% SWNTs, each with a 
scale bar of 1 micron. The right column contains characteristic TEM micrographs (d-f) of low 
concentration SWNT-IL-Epoxy composites at 0.01, 0.05, and 0.1 wt% SWNTs, each with a scale 
bar of 100 nm.  
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Figure 3.8: The left column contains characteristic low magnification SEM micrographs (a-c) of 
high concentration SWNT-IL-Epoxy composites at 1.0, 2.0 and 5.0 wt% SWNTs, each with a 
scale bar of 1 micron. The right column contains characteristic high magnification TEM 
micrographs (d-f) of high concentration SNWT-IL-Epoxy composites at 1.0, 2.0, and 5.0 wt% 
SWNTs, each with a scale bar of 100 nm. 
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dispersed surface. TEM images at a higher resolution show very loosely bound 
nanotube agglomerations within a densely packed, well dispersed network. SWNT 
presence clearly increases with higher nanotube content. 
Figures 3.7 and 3.8 present a collective group of micrographs at low and high 
magnifications for each composite sample, providing critically important information 
about dispersion, distribution and agglomeration of the SWNT network. In order to 
investigate why the composite shows no further increase in YM at concentrations 
above 1.0 wt% SWNTs, image analysis was carried out for each of the composites 
using Image J software. Table 3.1 contains average agglomeration size, reported in 
nm2, and percent area of the image which contains SWNTs for each composite 
sample. Up to a SWNT concentration of 1.0 wt%, average agglomeration size remains 
in a narrow range between 295-366 nm2, increasing significantly for higher nanotube 
contents of 2.0 and 5.0 wt% SWNTs. Percent surface area of TEM images containing 
SWNTs is shown in the last column, which increases with SWNT concentration in the 
composite. Average agglomeration size was not expected to show much variability 
since agglomeration size is dependent on the gap size in the three roll mill, and all 
composites were processed identically. However, this significant increase in average 
agglomeration size occurs in the high concentration composites (2.0 and 5.0 wt% 
SWNTs), corresponding to the composites which exhibit a plateau in YM 
enhancements, indicating the existence of a limitation in composite processing and 
subsequently, mechanical performance. 
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Table 3.1: Agglomeration and dispersion in SWNT-IL-Epoxy composites determined by image 
analysis.  
 
SWNT 
Concentration (wt%) 
Average 
Agglomeration Size 
(nm2) 
% SWNT Area 
0.01 321.269 1.439 
0.05 295.026 1.985 
0.1 363.673 2.863 
1.0 366.203 8.404 
2.0 890.721 11.356 
5.0 920.564 18.391 
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3.3.2 Model and Parameters 
The micromechanics homogenization model (MHM) based on the Mori-Tanaka 
approach was utilized to estimate the overall mechanical properties of the SWNT 
reinforced composite.  In order to evaluate the effects of agglomeration and dispersion 
on the composite properties, the MHM was implemented by using parametric indices 
quantifying dispersion and agglomeration [184]. SEM and TEM evaluations of spatial 
distribution of the SWNTs provided parameters which include nanotube length, 
diameter, agglomeration, dispersion and spatial distribution. These experimentally-
based geometric considerations are critical to effective model development [185]. 
After defining a representative volume element, the composite was modeled as a two-
phased medium having a hybrid matrix and spherical inclusions, in which both are 
comprised of reinforced composite with perfectly bonded, straight, randomly oriented 
and uniformly dispersed SWNTs. The total volume of the material region (VMR), 
shown in Figure 3.9, and the volume occupied by the SWNTs (VSWNT) is defined as: 
MR HM AIV V V   and 
SWNT SWNT SWNT
hybrid inclusionsV V V   
(3.1) 
   
Where 
HMV  and 
AIV are the volume of the hybrid matrix and agglomerate 
inclusion respectively and 
SWNT
hybridV  and 
SWNT
inclusionsV  are the volume of SWNT in the hybrid 
and inclusion respectively. 
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Figure 3.9: Representative volume along with MHM volume parameters to describe dispersion 
and agglomeration.  
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Therefore, the deagglomeration index ( ) can be represented by the fraction of 
inclusions in the MR and the dispersion index (  ) by the fraction of SWNTs within 
inclusions over the entire volume of SWNTs: 
 
AI
MR
V
V
   and 
SWNT
inclusions
SWNT
V
V
   
(3.1) 
As   approaches 1, the more homogeneous the composite becomes. However, as 
 approaches 1, for   , this represents heterogeneity, suggesting that SWNT 
inclusions are found in the composite as agglomerations rather than well dispersed. 
Given the volume fraction of the SWNT ( SWNT ), the volume fractions for the 
agglomerates ( AISWNT ) and hybrid matrix (
HM
SWNT ) can be calculated using the two 
indices: 
AI
SWNT SWNT

 

   and 
1
1
HM
SWNT SWNT

 


 

 
(3.2) 
Using these volume fractions, the effective mechanical properties were calculated 
implementing the Mori-Tanaka method (MT) [181, 186] which takes into 
consideration essential material parameters for accuracy such as aspect ratio, volume 
fraction, shape and orientation of the constituent phases.  In this particular case, the 
two constituents are homogenized and presumed to be linearly elastic and perfectly 
bonded.  Introducing a uniform strain, the average strains ( ) by each constituent may 
be expressed as: 
159 
 
{ }m m r r       (3.3) 
Where m and r denote the matrix and reinforcement,   is the volume fraction and {  } 
represents averaging in all orientation.  The effective stiffness tensor (
effT ) can be 
then represented using Benveniste tensorial formulation: 
  1( ) [ { }]eff m r r m m rT T T T B I B  
     (3.4) 
where 
effT  , I is the fourth order identity tensor, and B is an orientation 
dependent tensor which can be defined in terms of the stiffness tensors and the fourth 
order Eshelby Tensor (S) as follows: 
1 1[ ( )]m r mB I ST T T
     (3.5) 
 
3.3.3 Model Results and Comparisons with Experimental Young’s Modulus 
Enhancements 
In order to directly evaluate the effects of agglomeration and dispersion on the 
composite properties, the MHM was implemented by using parametric indices 
quantifying dispersion and agglomeration [184]. SEM and TEM micrographs, such as 
those presented in Figures 3.7 and 3.8, serve as representative material regions 
enabling evaluations of spatial distribution of the SWNTs, providing parameters which 
include nanotube length, diameter, agglomeration, dispersion and spatial distribution. 
These experimentally-based geometric considerations are critical to effective model 
development [185]. The aspect ratio parameter in the model used a value of 500. This 
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value was chosen by evaluating the effect of the SWNT aspect ratio on the YM by 
performing a parametric study at different concentrations using the MHM considering 
a well dispersed system.  The study displayed a nonlinear effect at low aspect ratio 
values; however, in the range of aspect ratio=500 the effective moduli in all 
concentrations unveiled convergence to its highest values.  The nanotube aspect ratio 
parameter in the model quantifies possible SWNT imperfections (i.e. waviness, 
entanglement, and others) that may influence the composite overall properties due to 
deficiencies in the original aspect ratio. Nanotube diameter of 1.5 nm was confirmed 
via TEM imaging.  
In addition to filler geometry, SWNT and epoxy material properties used as 
parameters are shown in Table 3.2. Uniaxial YM of SWNT, presented as E11, is 
450.47 GPa as evaluated by Kontsos et al. [175], and E11 for the unmodified epoxy 
matrix is 2.84 GPa, as measured in tension. Parameters listed in Table 3.2 were 
implemented into the MHM to provide model predictions for composite YM. The 
maximum YM values determined by the MHM, inputting a reinforcement modulus 
450.47 GPa as shown in Table 2, were:  2.8965 GPa at 0.01 wt%, 2.9190 GPa at 0.05 
wt%, 3.141 GPa at 0.1 wt%, 3.55 GPa at 1.0 wt%, 4.1 GPa at 2.0 wt%, and 6.25 GPa 
at 5.0 wt% SWNTs.  
Composite mechanical performance is significantly affected by composite 
dispersion, and while all other parameters remained unchanged, agglomeration from 
one representative region to another within in the same material can vary. The 
deagglomeration index (α) is defined as the fraction of inclusions in the well dispersed  
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Table 3.2: SWNT and epoxy material properties used in MHM. 
 
SWNT Material Properties Epoxy Material 
Properties 
E11 (GPa) 450.47 E11 (GPa) 2.84 
E22 (GPa) 12.13 ν12 0.35 
G12 (GPa) 27   
G23 (GPa) 4.4   
ν12 0.42   
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material region and the dispersion index is defined as the ratio of SWNT concentration 
within agglomerations/spherical inclusions to concentration of SWNTs that have been 
dispersed into the polymer matrix. As α approaches 1, the more homogeneous the 
composite becomes. Figure 3.10 shows YM as a function of % deagglomeration for 
low concentration composites with (a) 0.01 wt% SWNTs, (b) 0.05 wt% SWNTs, and 
0.1wt% SWNTs, and high SWNT concentration composites with (d) 1.0 wt% 
SWNTs, (e) 2.0 wt% SWNTs, and (f) 5.0 wt% SWNTs. On each plot two models are 
shown, indicating optimal dispersion and poor dispersion. As the dispersion index 
approaches 1, the more heterogeneous the composite, represented as poor dispersion. 
As the dispersion index approaches 0, the more homogeneous the composite, 
represented as optimal dispersion. Optimal dispersion and poor dispersion are shown 
in Figure 3.10, represented by light and dark markers, respectively, indicating a range 
of predicted YM values for the SWNT-epoxy composites based on quality of 
composite dispersion. 
At low concentrations, the experimental YM is in excellent agreement with model 
predictions. While processing low concentration composites by the three roll mill, the 
material remains liquid with a relatively low viscosity, allowing the nanotubes to 
separate from the bundles and effectively disperse throughout the resin while 
remaining easily processable. At high concentrations, the experimental YM is just shy 
of the range predicted by the MHM models, and experimentally measured composite 
YM reaches a plateau at 1.0 wt% SWNTs, showing negligible improvements at higher 
SWNT content. High concentration composites exhibited a significant increase in 
viscosity during shear processing. The composites reached nanotube gelation after  
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Figure 3.10: Deagglomeration and dispersion effects on SWNT composite Young’s modulus for 
(a) 0.01 wt%, (b) 0.05 wt%, (c) 0.1 wt%, (d) 1.0 wt%, (e) 2.0 wt%, and (f) 5.0 wt% SWNTs.  
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only one or two passes through the mill, and after 10 passes the composites had the 
consistency of a paste. 
3.3.3 Rheological Percolation Threshold 
Rheological response of liquid phase composites was evaluated by TA Instruments 
AR-2000 Rheometer at 25˚C using a 40 mm steel plate and a gap size of 1000 µm. 
Oscillatory frequency sweep measurements were carried out in a frequency range of 
0.1-628 radians/second. Complex viscosity and elastic modulus were evaluated to 
determine the transition from Newtonian to solid-like behavior, commonly known as 
the rheological percolation threshold.  
The complex viscosity and storage modulus of the composite were evaluated by 
rheological measurements of the liquid-phase composite after three roll mill 
processing. Figure 3.11 shows the rheological response of SWNT-IL-Epoxy 
composites as a function of frequency at 25ºC: (a) complex viscosity, (b) storage 
modulus, and (c) corresponding rheological percolation threshold at a frequency of 1 
radian/second.  The unmodified network and low concentration composites exhibit a 
frequency-independent complex viscosity response typical of Newtonian behavior 
(Figure 3.11a). With higher SWNT content, the complex viscosity increases and 
becomes frequency-dependent, indicating that the SWNTs begin to interfere with the 
polymer network, resulting in a shear thinning response. The storage modulus of the 
composite gradually increases with frequency and increasing SWNT content, which is 
a reflection of the transition from a viscous liquid to solid-like behavior (Figure 
3.11b). By plotting storage modulus as a function of increasing SWNT content, the   
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Figure 3.11: Rheological response of SWNT-IL-Epoxy composites as a function of frequency at 
25˚C: (a) complex viscosity, (b) storage modulus, and (c) corresponding rheological percolation at 
a frequency of 1 radian/second.  
 
  
166 
 
composite shows a clear rheological transition to solid like behavior, which is 
characterized by a plateau in storage modulus with increasing nanotube content. The 
concentration at which this transition occurs is the rheological percolation threshold, 
which occurs between 0.1-1.0 wt% SWNTs. The experimentally determined 
rheological percolation threshold corresponds to the plateau in YM enhancements 
which occurs at 1.0 wt% SWNTs. Characteristic SEM and TEM images of high 
concentration composites in Figure 3.8 further support these findings, as images reveal 
that the SWNT filler is well dispersed and densely packed with small nanotube 
agglomerations.  
 
3.4 Ultimate Tensile Strength  
Ultimate tensile strength is an important nanocomposite property to evaluate 
because it measures fracture as it is affected by flaws or defects from which fracture 
invariably ensues. Strength of a material depends on the strength of its interatomic 
forces or bonds, and nanotubes can provide strengthening effects in composites by 
introducing intrinsic obstacles that hinder or block dislocations. While nanotubes 
exhibit an inherent reinforcing effect, poorly dispersed tubes can have a negative 
effect on composite strength if they behave as defects in the composite material. 
Nanotubes exhibit among the highest measured tensile strength (UTS) and hold 
great potential as a reinforcing filler for epoxy resins. Amine-functionalized nanotubes 
are able to react with the matrix, enabling direct stress transfer from the polymer phase 
to the nanotube phase during deformation.  
167 
 
3.4.1 Composite Preparation and Testing Methods  
Nanocomposite mechanical properties are dependent on the quality of dispersion, 
and this work evaluates the ultimate tensile strength improvements of four series of 
well-dispersed nanotube-IL-Epoxy composites prepared using the methods described 
in Chapter 2. The four series of composites are SWNTs, SWNT-NH2, MWNTs, and 
MWNT-NH2.  
Composite UTS was measured as a continuation of the tensile tests performed for 
Young’s modulus, using the same dog bone shaped composites. Composite 
mechanical properties were evaluated in tension in accordance with ASTM D638-03. 
Upon loading the samples into the Instron 8872, the test was carried out at a constant 
strain rate of 1 mm/minute. After evaluating Young’s modulus up to 0.5% strain using 
the strain gage extensometer, the extensometer was removed before resuming the test. 
All materials were evaluated in tension until failure. A minimum of 5 samples were 
tested for each composite concentration, as specified by the ASTM standard. Ultimate 
tensile strength was taken as the maximum strength of the composite prior to fracture. 
All stress-strain plots for the unmodified IL-cured network and four series of 
composites are included in Appendix D.  
3.4.2 Results 
Nanotube-IL-Epoxy composite tensile strength does not immediately exhibit a 
significant enhancement over the unmodified IL-cured epoxy network. Figure 3.12 
shows UTS enhancements for the four series of composites at nanotube concentrations 
ranging from 0.01-1.0 wt%, compared to the unmodified IL-cured epoxy, represented 
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by the grey bar. SWNT composites are represented by red bars, SWNT-NH2 
composites are represented by the orange bars, MWNT composites are represented by 
the blue bars, and MWNT-NH2 composites are represented by the pink bars. The UTS 
of the unmodified IL-cured network is 76.83 MPa, and composite UTS generally does 
not show any significant improvements in UTS as compared to the unmodified 
network.  The SWNT-NH2 composite containing 1.0 wt% nanotubes stands out with 
the greatest increase in UTS as compared to the unmodified IL-cured network, 
however the UTS of 92.47 MPa corresponds to only 20.36% increase.  
In order to more critically evaluate the effect of nanotube reinforcement based on 
nanotube type (SWNT vs MWNT) and the role of the enhanced interface via covalent 
amine functional groups, the four series of composites were evaluated individually. 
Figure 3.13 shows UTS enhancements for SWNT and MWNT composites, which 
reveals that UTS remains relatively unchanged with respect to nanotube type, and is 
also unaffected by nanotube content in the composites. Although these composites 
contain well-dispersed nanotubes, pristine SWNT and MWNT are not covalently 
incorporated into the epoxy network, and therefore lack the direct stress transfer 
mechanism that is necessary for increased tensile strength.  
An enhanced interface in nanotube-epoxy composites was achieved via covalent 
amine functionalization of SWNTs and MWNTs. Figure 3.14 shows two plots of UTS 
enhancements for composites containing amine-functionalized nanotubes: (a) UTS 
enhancements for SWNT and SWNT-NH2 composites, and (b) UTS enhancements for 
MWNT and MWNT-NH2 composites. For SWNT and SWNT-NH2 composites, at 
most concentrations, the composites do not exhibit a reinforcing effect and decrease   
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Figure 3.12: Tensile strength enhancements for four series of well-dispersed CNT-Epoxy 
composites prepared using the IL dispersant/initiator. The four series of composites evaluated 
include SWNT, SWNT-NH2, MWNT and MWNT-NH2.  
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Figure 3.13: Tensile strength enhancements of SWNT and MWNT composites prepared using IL 
dispersant/initiator, compared to unmodified IL-cured epoxy resin. 
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the UTS from the unmodified IL-cured network, while at other concentrations the 
UTS remains relatively unchanged. At the maximum nanotube content of 1.0 wt%, 
SWNT and SWNT-NH2 composites begin to show an improvement over the 
unmodified network, however the results contain a large standard deviation and 
therefore are not reliable. MWNT composites exhibit larger UTS than amine-
functionalized MWNT composites for all concentrations except 1.0 wt%. These 
results contradict expectations since the covalent functional groups enhance the stress 
transfer from the polymer to the nanotube phase in the composite. The low amine 
content on the MWNT surface (1%) is likely the reason for these results. In addition, 
most MWNT and MWNT-NH2 composite UTS decreases or remains unchanged from 
the unmodified network. This may arise from the low aspect ratio of MWNTs and 
MWNT-NH2. One similarity observed for amine-functionalized SWNT and MWNT 
composites is that at the maximum concentration of 1.0 wt% the composites exhibit a 
maximum increase in UTS of 92.47 MPa and 78.69 MPa, respectively. These values 
correspond to 20.36% and 3.02% increase. Although these enhancements in UTS are 
not significant, they are comparable with UTS enhancements presented in literature, 
compiled in Tables B.3 and B.4 in Appendix B.  
Tensile strength enhancements for nanotube-epoxy composites prepared using the 
IL dispersant/initiator are comparable with experimental tensile strength 
enhancements seen in literature. Compiled in Figure 3.15 are all tensile strength 
enhancements presented in literature, shown as percent increase. Pristine SWNT and 
MWNT composites are represented by filled and open blue diamonds, respectively; 
functionalized SWNT and MWNT composites are represented by filled and open red  
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Figure 3.14: Tensile strength enhancements for nanotube-epoxy composites with an enhanced 
nanotube-matrix interface via covalent amine functionality, (a) SWNT and SWNT-NH2 
composites, and (b) MWNT and MWNT-NH2 composites. 
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Figure 3.15: A compilation of all tensile strength enhancements in literature and Young’s 
modulus enhancements for composites prepared using the IL dispersant/initiator, shown as 
percent increase as a function of nanotube concentration. 
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squares, respectively; and finally, SWNT and MWNT composites prepared using the 
IL dispersant/initiator are shown by filled and open gold triangles, respectively. Most 
tensile strength enhancements appear to be below 100%, even for composites with 
high nanotube content. Interestingly, the functionalized nanotubes appear to show 
little, if any improvement in tensile strength as compared to the pristine nanotubes, 
and this effect is primarily observed in low concentration composites. Composites 
prepared using the IL dispersant/initiator exhibit low tensile strength enhancements 
<20%, however, in the context of all nanotube-epoxy composites evaluated, many 
other sources have reported similar findings.  
3.5 Fracture Toughness 
Composite fracture toughness is an important property to evaluate since it is a 
measure of how a material behaves in the presence of a crack and resists fracture. This 
evaluation is treated as a worst-case scenario for composite materials. Nanotubes are 
not inherently tough, but when incorporated into a brittle epoxy can potentially 
improve composite toughness by acting behind the crack tip to effectively reduce the 
crack driving force. This mechanism is independent of crack size or geometry and can 
only affect the crack growth toughness. Good dispersion results in increased surface 
area of the filler, preventing aggregates from acting as stress concentrators. As the 
crack propagates, nanotubes span the crack by crack bridging, and eventually fail by 
nanotube pull-out or nanotube fracture. Pull-out, nanotube fracture or local shear 
forces between tubes or tube/matrix interface can dissipate a lot of energy, improving 
overall composite toughness.  
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3.5.1 Composite Preparation and Testing Methods  
The well-dispersed composite was prepared using identical procedures as for 
tensile test samples, and the liquid composite was poured into a long rectangular mold 
with approximate dimensions of 120x14x5 mm3 prior to cure. Upon curing, the long 
bar was used to prepare a minimum of 6 samples for testing at each concentration for 
determination of composite toughness (K1C), and one unnotched specimen for 
evaluating the strain energy release rate (GQ). Composite samples were prepared 
following specimen configuration as in Test Method E 399 for compact tension, 
shown in detail in Figure 3.16. 
Composite fracture toughness was measured in accordance with ASTM D 5045-
99. Samples were loaded into an Instron 8872 by inserting pins in each of the holes of 
the specimen. Compact tension specimens were tested at a constant strain rate of 1 
mm/minute, and tested until failure. Cracks were prepared by scoring the pre-made 
notch with a fresh razorblade prior to testing. Composite toughness, K1C, was 
calculated using experimentally determined sample dimensions and max load prior to 
fracture, and presented in units of J/m2, shown in Equation 3.7.  
𝐾1𝐶 =  (
𝑃𝑄
𝐵𝑊1/2
) [
(𝑥 + 2)(0.886 + 4.64𝑥 − 13.32𝑥2 + 14.71𝑥3 − 5.6𝑥4)
(1 − 𝑥)3/2
] (3.7) 
Where PQ is the maximum load in MPa, B is the thickness of the sample in meters, W 
is the distance from the pin to the far edge of the sample in meters, and x is the ratio of 
the length of the crack (a) to W. All of these sample dimensions are clearly illustrated 
176 
 
in Figure 3.16. The strain induced toughness can be calculated from fracture toughness 
(K1C) and is also presented in units of J/m
2, determined by Equation 3.8.  
𝐺1𝐶 =  
(1 − 𝑣2) ∗ 𝐾1𝐶
2
𝐸
 (3.8) 
Where v is Poisson’s ratio and E is Young’s modulus. Poisson’s ratio used for these 
studies was 0.35, which is typical of epoxy resins, and the Young’s modulus used for 
the calculations was the experimentally determined YM for each composite, which 
was discussed in detail in Section 3.2.  
Critical strain energy release rate, GQ, is the amount of energy required to break a 
specimen, and is calculated graphically. The energy required to break a sample is 
calculated by the difference in area under the load-extension curve for notched and 
unnotched specimens, and is shown by Equation 3.9.  
𝐺𝑄 =  
𝑈
𝐵𝑊𝛷
 (3.9) 
Where U represents the difference in area under load-extension curves for notched and 
unnotched specimens, B and W are sample dimensions, and Φ is the energy-
calibration factor, which is a function of sample dimensions.  
For more information regarding fracture toughness calculations, procedure and 
requirements, please refer to ASTM D5045-99.  
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Figure 3.16: Specimen configuration for compact tension testing as in Test Method E 399 in 
ASTM D 5045-99.  
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3.5.2 Results 
Nanotube-IL-Epoxy composites generally exhibit an enhancement in fracture 
toughness over the unmodified IL-cured epoxy network. Figure 3.17 shows K1C 
enhancements for the four series of composites at nanotube concentrations ranging 
from 0.01-1.0 wt%, compared to the unmodified IL-cured epoxy, represented by the 
grey bar. SWNT composites are represented by red bars, SWNT-NH2 composites are 
represented by the orange bars, MWNT composites are represented by the blue bars, 
and MWNT-NH2 composites are represented by the pink bars. Fracture toughness of 
the unmodified IL-cured epoxy network is 1.04 kJ/m2 and all four series of composites 
appear to show an improvement in K1C, even at nanotube concentrations of only 0.01 
wt%. Although composites exhibit a sizeable improvement in fracture toughness at 
low nanotube contents, the fracture toughness does not immediately appear to show 
further discernable enhancements at higher nanotube content.  
In order to more critically evaluate the effect of nanotube type on composite 
fracture toughness improvement, SWNT and MWNT composites were evaluated 
separately. Figure 3.18 shows K1C enhancements for SWNT and MWNT composites. 
SWNT composites exhibit an initial increase in K1C, reaching a maximum at 0.05 
wt%, which is then followed by a decrease in K1C with higher SWNT content. This 
could possibly arise from the highly entangled nature of SWNTs, which have a 
significantly larger aspect ratio than MWNTs, and therefore are more difficult to 
separate from one another. It is possible that an optimal SWNT dispersion is reached 
at this concentration and further increases in SWNT concentration results in SWNTs 
acting as small defects. MWNT composites on the other hand, show a generally linear 
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relationship between K1C and MWNT content. As previously stated MWNTs are 
typically not as heavily entangled as SWNTs due to their smaller aspect ratio and are 
therefore much easier to disperse.  
In order to evaluate the role of the nanotube-matrix interface in composite fracture 
toughness enhancement, the performance of amine-functionalized nanotubes were 
compared to pristine nanotubes. Figure 3.19 shows (a) SWNT and SWNT-NH2 
composite fracture toughness enhancements and (b) MWNT and MWNT-NH2 
composite fracture toughness enhancements as compared to the unmodified IL-cured 
matrix, represented by the grey bar. SWNT-NH2 composites follow a similar trend as 
the SWNT composites, reaching a peak in their reinforcing effect at 0.05 and 0.1 wt% 
nanotubes, followed by a decrease in toughness at larger contents. However, SWNT-
NH2 composites exhibit a greater reinforcing effect than pristine SWNTs, which 
becomes more prominent at higher nanotube contents. MWNT-NH2 composites 
resulted in increased fracture toughness enhancement with increasing nanotube 
content. However, at each concentration evaluated, MWNT-NH2 behave similarly to 
MWNT composites. This is likely due to the very low content of amine groups on the 
surface of functionalized nanotubes, which is only 1%.   
The energy required to fracture the compact tension specimen, G1C, was calculated 
from fracture toughness (K1C) using Equation 3.8. Figure 3.20 shows G1C 
enhancements the four series of composites at nanotube concentrations ranging from 
0.01-1.0 wt%, compared to the unmodified IL-cured epoxy, represented by the grey 
bar. The G1C of the unmodified IL-cured network is 0.339 kJ/m
2, and the four series of 
composites exhibit identical trends as fracture toughness enhancements, since G1C  
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Figure 3.17: Fracture toughness enhancements for four series of well-dispersed CNT-Epoxy 
composites prepared using the IL dispersant/initiator. The four series of composites evaluated 
include SWNT, SWNT-NH2, MWNT and MWNT-NH2. 
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Figure 3.18: Fracture toughness enhancements of SWNT and MWNT composites prepared using 
IL dispersant/initiator, compared to unmodified IL-cured epoxy resin. 
  
182 
 
 
 
 
 
 
 
Figure 3.19: Fracture toughness enhancements for nanotube-epoxy composites with an enhanced 
nanotube-matrix interface via covalent amine functionality, (a) SWNT and SWNT-NH2 
composites, and (b) MWNT and MWNT-NH2 composites. 
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Figure 3.20: Fracture energy enhancements for four series of well-dispersed CNT-Epoxy 
composites prepared using the IL dispersant/initiator. The four series of composites evaluated 
include SWNT, SWNT-NH2, MWNT and MWNT-NH2. 
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values were calculated directly from experimentally measured fracture toughness. The 
largest G1C enhancements were observed for the 1.0 wt% MWNT composite.  
The critical strain energy release rate (GQ) can be more accurately calculated using 
the graphical method described in Section 3.5.1, along with Equation 3.9. Figure 3.21 
shows critical strain energy release rate enhancements for four series of well-dispersed 
nanotube-epoxy composites. The graphical analysis of GQ results in identical trends as 
G1C for nanotube concentrations of 0.1, 0.5 and 1.0 wt% for all nanotube types. At low 
concentrations of 0.01 and 0.05 wt% nanotubes, MWNT composites outperform the 
rest in their reinforcing efficiency. This reinforcing effect of MWNTs at low 
concentrations is likely a result of well-dispersed fibers that are more rigid than 
SWNTs due to their concentric cylinders. Similar to G1C results, when calculated 
graphically, the greatest GQ enhancement is exhibited by 1.0 wt% MWNT composite 
with a 168% increase in the strain energy release rate. This is a significant 
improvement in the amount of energy required to fracture the composite sample as 
compared to the unmodified IL-cured epoxy network.  
Fracture toughness enhancements for nanotube-epoxy composites prepared using 
the IL dispersant/initiator are comparable with experimental fracture toughness 
enhancements seen in literature. Compiled in Figure 3.22 are all fracture toughness 
enhancements presented in literature, shown as percent increase. Pristine SWNT and 
MWNT composites are represented by filled and open blue diamonds, respectively; 
functionalized SWNT and MWNT composites are represented by filled and open red 
squares, respectively; and finally, SWNT and MWNT composites prepared in this 
work are shown by filled and open gold triangles, respectively. The majority of 
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fracture toughness enhancements are not substantial, exhibiting increases of less than 
50%. Composites containing functionalized nanotubes result in scattered results, 
suggesting that the interface has not been shown to play an important role in fracture 
toughness enhancement. Composites prepared using the IL dispersant/initiator exhibit 
fracture toughness increases comparable to literature reports, and at 1.0 wt% 
nanotubes, exhibit among the greatest improvements, which is approximately 66% 
increase for the MWNT composite.   
Composite surface roughness as observed by SEM imaging is a good indicator of 
material toughness, and a rougher surface often correlates to higher fracture toughness, 
as discussed in Section 1.3.6.3. Figure 3.23 shows characteristic SEM images of (a) 
fracture surface of neat epoxy, (b) an example of crack bridging in 1.0 wt% SWNT 
composite, (c), an example of fiber pull-out in 0.1 wt% SWNT composite, (d) an 
example of fiber fracture in 0.1 wt% SWNT-NH2 composite, and (e) composite 
surface roughness in 0.1 wt% SWNT composite. The fractured surface of the 
unmodified resin (Figure 3.23a) appears to have a glassy appearance with few ridges 
or features, and this is typical of a brittle material such as the epoxy used in these 
studies. By comparison, the fracture surface of a SWNT composite (Figure 3.23e) 
exhibits a very different surface, with many ridges and features. Such a rough fracture 
surface is typical of a more ductile material, since the nanotubes in the composite not 
only provide reinforcement, but can also influence the fracture patterns. All nanotube 
composites evaluated in this study reinforce the epoxy using the same mechanism, 
crack bridging, as seen in Figure 3.23b. As the crack propagates, the nanotubes span 
the width of the crack, essentially ‘holding’ the crack together until the reinforcing  
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Figure 3.21: Critical strain energy release rate enhancements for four series of well-dispersed 
CNT-Epoxy composites prepared using the IL dispersant/initiator. The four series of composites 
evaluated include SWNT, SWNT-NH2, MWNT and MWNT-NH2. 
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Figure 3.22: A compilation of all fracture toughness enhancements in literature and Young’s 
modulus enhancements for composites prepared using the IL dispersant/initiator, shown as 
percent increase as a function of nanotube concentration. 
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nanotubes can no longer withstand the pressures exerted on them. At this point the 
composite will fail in one of two ways. Composites containing pristine nanotubes 
typically fail by fiber pull-out, shown in Figure 3.23c. This fracture mechanism occurs 
in materials with weak filler-matrix interfaces, and the nanotube will remain anchored 
on one side of the crack, while on the opposing side the nanotube will separate from 
the matrix, and pull out. Pristine nanotubes interact with the matrix via weak van der 
Waals forces, which allows for relatively easy pull-out. Images which show thin 
strands of large diameter nanotubes or nanotube ropes are characteristic of the 
nanotube pull-out failure mechanism. The other failure mechanism is nanotube 
fracture, which is observed for amine-functionalized nanotube composites and an 
example is shown in Figure 3.23d. These composites also exhibit crack bridging as the 
reinforcing mechanism but result in a different composite failure. Amine-
functionalized nanotubes are anchored into the matrix on either side of the crack via 
covalent bonds, and when the strain becomes too high, the nanotube will break, 
resulting in a fracture which exhibits many short fibers broken close to the surface of 
the matrix. In Figures 3.23c and 3.23d, it also appears that the nanotube diameter 
appears larger for the SWNT-NH2 composites, which resulted in nanotube fracture. 
The amine-functionalized nanotubes appear to have a larger diameter due to a layer of 
epoxy matrix coating the surface of the nanotubes or nanotube bundles.  
As previously discussed, composite surface roughness is significantly changed 
with the presence of nanotubes, and the composite fracture mechanism is dependent 
on nanotube type. Figure 3.24 shows characteristic SEM images of 0.1 wt% nanotube 
composites, and is presented as a summary of how nanotube presence clearly has an 
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effect on material properties. Columns from left to right are unmodified IL-cured 
Epoxy, SWNT, SWNT-NH2, MWNT, and MWNT-NH2 composites. The top row 
shows lowest magnification, and in these images the difference in surface roughness 
between the glassy/brittle unmodified network and rough surface fracture of 
composites is clearly seen. The following rows show progression in SEM 
magnification, and changes in composite fracture surface can be observed. The bottom 
row shows the highest magnification for composites, and the last row of images 
clearly show differences in fracture mechanism based on nanotube functionality. 
Composites containing pristine nanotubes fail by fiber pullout, while composites 
containing amine-functionalized nanotubes fail by fiber fracture.  
Fracture toughness of nanotube-epoxy composites found in literature are usually 
measured using SENB methods, and CT methods are less common due to more 
complicated sample preparation. Reports containing FT results evaluated by CT 
methods are compiled in Table 3.3. Table 3.3 provides CNT content, type, 
preparation, % K1C enhancement and average agglomeration size. Agglomeration size 
was evaluated using Image J software on the images provided in each article. 
Evaluation of literature results reveal an inverse relationship between composite 
fracture toughness enhancement and average agglomeration size, suggesting that a 
well-dispersed network of carbon nanotubes contributes to increased composite 
toughness. Our experimental results are in agreement with this trend, and also among 
the highest toughness enhancement achieved. The significance of the findings are that 
our composite achieved excellent toughness with single step processing, while all 
other composites evaluated in this literature review required multistep processing.   
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Figure 3.23: Characteristic SEM images showing roughness of fracture surfaces of (a) unmodified 
IL-cured epoxy resin, (b) an example of crack bridging in 1.0 wt% SWNT composite, (c) an 
example of fiber pull-out in 0.1 wt% SWNT composite, (d) an example of fiber fracture in 0.1 
wt% SWNT-NH2 composite, and (e) composite surface roughness in 0.1 wt% SWNT composite.  
 
191 
 
 
 
 
 
Figure 3.24: Characteristic SEM images of 0.1 wt% CNT composites. Columns from left to right 
are unmodified IL-cured Epoxy, SWNT, SWNT-NH2, MWNT and MWNT-NH2 composite. Rows 
show increasing magnification, beginning with lowest magnification in the top row highlighting 
differences in surface roughness, and highest magnification in the last row which exhibits 
differences in fracture mechanisms based on nanotube functionality.  
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Table 3.3: Nanotube-Epoxy fracture toughness improvements presented in literature, evaluated 
using CT methods. Literature exhibits an inverse relationship between K1C enhancement and 
average nanotube agglomeration size. Experimental results, highlighted in grey, fit this 
relationship and also exhibit among the best increase in composite fracture toughness.  
 
  
Conc. 
(wt%) 
CNT 
Type 
Sample 
Preparation 
% 
Increase 
in K1C 
Agglom. 
Size 
Reference 
0.1 
MWNT-
oxidized 
Stirred into 
Epoxy/Hardener 
-2.7 >5 µm 
Lee 2011 
[187] 
0.5 MWNT 
Stirred in Epoxy, 
then 3RM, hardener 
stirred 
7.7 1-2 µm 
Sumfleth 
2010 [172] 
0.3 
MWNT-
O2 
Sonicated in acetone, 
3RM, aligned 
MWNTs 
17.3 1-5 µm 
Khan 2013 
[188] 
1 MWNT 
High speed mixed 
into epoxy, 3RM, 
mechanically mixed 
30.4 300 nm 
Tang 2011 
[189] 
0.5 
DWNT-
NH2 
3RM in epoxy, 
hardener mixed by 
intense shear stirring 
43.1 100 nm 
Gojny 2005 
[153] 
1 
MWNT-
ozone 
High speed mixed 
into epoxy, 3RM, 
mechanically mixed 
52.2 <50 nm 
Tang 2011 
[189] 
1 MWNT 3RM with IL 58.5 <100 nm This Work 
3 MWNT 
Sonicated in epoxy, 
stirred 180 mins 
61.8 <50 nm 
Yu 2008 
[190] 
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3.6 Conclusions 
Young’s modulus, ultimate tensile strength and fracture toughness were 
experimentally measured for four series of nanotube-epoxy composites prepared using 
an ionic liquid dispersant/initiator to polymerization. The four series of composites 
contained SWNT, SWNT-NH2, MWNT, and MWNT-NH2.  
Composite Young’s modulus revealed that SWNTs provide better reinforcement 
than MWNT, and SWNT-NH2 composites result in the greatest YM enhancement at 
1.0 wt%. Amine-functionalized MWNT composites did not show any significant 
improvements over pristine MWNT composites, which is due to the small amount of 
amine functional groups on the surface. Generally, YM was improved by the addition 
of the nanotube filler, and YM increased with nanotube content up to 1.0 wt% 
nanotubes.  
Preparation of SWNT-IL-epoxy composites at nanotube contents greater than 1.0 
wt% revealed an experimentally determined plateau in Young’s modulus for the high 
content nanotube composites. In order to understand the mechanics of this 
phenomenon, micromechanics homogenization modeling was utilized to predict 
composite YM enhancements. The study of composite YM and MHM modeling 
shows excellent agreement at low SWNT concentrations, but for high concentration 
composites, experimentally determined YM plateaus at ~3.5 GPa at 1.0 wt% SWNTs 
with negligible YM enhancements with increased SWNT content, while MHM models 
predict the YM to show greater enhancements. Processing limitations of nanotube 
epoxy composites are likely responsible for the discrepancy between experimental and 
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MHM models for YM of high concentration SWNT-IL-epoxy composites. A 
rheological percolation threshold exists between 0.1 and 1.0 wt% SWNTs, which 
corresponds to the experimental plateau in YM enhancements. The rheological 
transition to solid-like behavior of the uncured composite suggests that as the polymer 
system reaches its maximum capacity for well-dispersed SWNTs, nanotubes that 
remain agglomerated will not be able to contribute to effectively creating the desired 
well dispersed randomly-oriented network of SWNTs within the composite or 
contribute to mechanical property enhancements. 
All four series of composites show negligible improvements in tensile strength as 
compared to the unmodified IL-cured epoxy. The best improvement was observed for 
1.0 wt% SWNT-NH2, which is still only 20% improvement, meanwhile, MWNT-NH2 
composites generally result in lower tensile strength than MWNT composites. The 
small amount amine-functional groups on the MWNTs (1%) could possibly be acting 
as defects rather than effectively improving composite tensile strength by covalently 
bonding with the matrix. Composite tensile strength is critically dependent on defects 
in the network, and TEM reveals small nanotube groupings <50 nm in diameter. These 
nanotube groupings are acting as defects in the composite network, and the negative 
effect of the defects are suspected to be greater than the reinforcing effect of the 
nanotubes, resulting in composites with negligible enhancements in tensile strength.   
Nanotube-epoxy composites generally exhibit an increase in FT over the 
unmodified network, even at low concentrations of 0.01 wt% nanotubes. At low 
concentrations, SWNT exhibit a greater reinforcing effect, while at higher 
concentrations MWNTs have greater reinforcing effect. SWNT composites reach a 
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maximum reinforcement at a low nanotube content of only 0.05 wt%, while MWNT 
composite FT increases with nanotube content up to the maximum concentration of 
1.0 wt% MWNTs. The interface plays an interesting role in composite FT, since for 
SWNT-NH2 composites the FT is improved over SWNT composites, and this effect is 
more pronounced at higher concentrations. Meanwhile, MWNT-NH2 composites 
exhibit almost identical FT enhancements as MWNT composites.  
SEM images of composite fracture surfaces reveal that the unmodified IL-cured 
network exhibits a glassy fracture surface, typical of a brittle material, while the 
composites all reveal rough surfaces. A rough surface corresponds to a more ductile 
material. Composites containing pristine and amine-functionalized nanotubes also 
exhibit different fracture mechanisms despite reinforcing the composite by the same 
extrinsic toughening mechanism, crack bridging. Composites containing pristine 
nanotubes exhibited nanotube pull-out in SEM images of fracture surfaces, which is 
typical of materials with poor interfacial adhesion, while composites containing 
amine-functionalized nanotubes exhibited nanotube fracture, seen by the many short 
fibers broken close to the surface of the matrix.  
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CHAPTER 4 CONCLUSIONS, RECOMMENDATIONS AND 
FUTURE WORK 
 
The goal of this work was to develop a deeper understanding of processing-
structure-property relationships of composite materials containing carbon nanotubes. 
Since nanocomposite properties are a result of dispersion quality, this work was 
completed by addressing two main objectives; the development of a well-dispersed 
composite network, and evaluating the mechanical property enhancements of the well-
dispersed nanotube-epoxy composite.  
4.1 Ionic Liquid as Nanotube Dispersant and Initiator to Epoxy 
Polymerization 
The first portion of the work, discussed in Chapter 2, describes the development of 
synthesis and processing methods used to achieve a well-dispersed nanotube-epoxy 
composite using an ionic liquid dispersant/initiator to polymerization. Ultrasonication, 
Thinky centrifugal planetary mixer (shear rotational mixing motion), and three roll 
mill were evaluated. The dispersion quality of the resulting composites was evaluated 
using electrical conductivity measurements in conjunction with percolation theory to 
develop percolation models. SEM and TEM images were used to qualitatively assess 
composite uniformity and nanoscale dispersion, respectively. Composites processed 
using the three roll mill resulted in the best dispersion quality, exhibited low 
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percolation thresholds and retained high composite electrical conductivity at high 
nanotube content.  
Three roll mill processing contains tunable parameters, which include decreasing 
the gap size between rolls. By doing so, higher shear forces were imparted on the 
liquid composite and resulted in lowering the percolation threshold to 0.005 wt% 
SWNTs. This value is comparable with the best percolation thresholds presented in 
literature, yet achieved using a simplified and streamlined procedure.  
Studies were expanded to include single and multi-walled carbon nanotubes as 
well as evaluate the effect of covalent functional groups on composite electrical 
properties. Amine-functionalized nanotubes were chosen for these studies based on the 
prior knowledge that amine groups readily react with epoxide. The four series of 
composites evaluated were SWNTs, SWNT-NH2, MWNTs and MWNT-NH2. 
Composites containing amine-functionalized nanotubes exhibited a higher percolation 
threshold than composites containing pristine nanotubes, which is most likely due to 
functionalization procedures compromising nanotube length and disruption of the sp2 
hybridized network that is necessary for their inherently high bulk electrical 
conductivity.  
In order to highlight the effectiveness of the IL dispersant/initiator, IL-cured 
nanotube-epoxy composites were compared to composites cured with a traditional 
amine curing agent, PACM. These studies were conducted using SWNTs and 
processed using a 20 µm gap in the three roll mill. Results indicate that PACM-cured 
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SWNT-Epoxy composites possess a percolation threshold two orders of magnitude 
greater than composites processed using the ionic liquid. This comparison of 
percolation thresholds of SWNT-epoxy composites undergoing similar processing 
determined that the use of ionic liquid as a dispersant and curing agent is an enabling 
factor for this outcome.  
Network conductivity for ionic liquid- and amine-cured epoxy was evaluated via 
impedance spectroscopy to demonstrate that the vast difference in composite 
conductivity did not arise from differences in epoxy network properties. Results 
indicate that all networks possess the same electrical conductivity over the entire 
frequency range. Therefore, the ultralow percolation threshold achieved in this work is 
solely a result of excellent nanotube dispersion in epoxy resin.  
All four series of composites resulted in ultralow percolation thresholds that are 
comparable with the best values found in literature, yet obtained using a simplified 
and streamlined process.  
4.2 Carbon Nanotubes for Mechanical Reinforcement of Epoxy Resins 
Young’s modulus, ultimate tensile strength and fracture toughness were 
experimentally measured for composites prepared using an ionic liquid 
dispersant/initiator to determine if a well-dispersed composite network results in the 
anticipated mechanical property enhancements. The four series of composites 
contained SWNT, SWNT-NH2, MWNT, and MWNT-NH2.  
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Composite Young’s modulus was evaluated in tension, and revealed that SWNTs 
generally provide better reinforcement than MWNT. Amine-functionalized MWNT 
composites did not show significant improvement over the MWNT composites due to 
the small amount of amine groups on the surface, which was only 1%. Maximum YM 
enhancement was observed for 1.0 wt% SWNT-NH2, with a 33% increase.  
At nanotube content greater than 1.0 wt% SWNT, experimentally determined YM 
reached a plateau of 3.5 GPa. This effect was evaluated by micromechanics 
homogenization modeling. The model based on the Mori-Tanaka method used 
composite parameters from the experimental system, which included YM and 
Poisson’s ratio of the constituent phases. Dispersion quality was based on detailed 
image analysis, which evaluated approximate dimensions for all nanotube groupings. 
This information was used in the MHM to predict composite YM behavior. 
Experimental YM and HMH modeling results were in excellent agreement at low 
nanotube concentrations, but at high nanotube concentrations, the MHM model 
predicts the YM to continue to increase.  
The discrepancy in experimental YM values and MHM predictions was suspected 
to arise from processing limitations of the viscous high nanotube concentration 
composites. Composite rheological behavior was evaluated using oscillatory 
frequency sweeps, and resulted in a clear liquid-solid behavior transition (the 
rheological percolation threshold) to exist between 0.1 and 1.0 wt% SWNTs. This 
transition corresponds to the experimental plateau in YM enhancements. The 
rheological transition to solid-like behavior of the uncured composite suggests that as 
the polymer system reaches its maximum capacity for well-dispersed SWNTs, 
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nanotubes that remain agglomerated will not be able to contribute to effectively 
creating the desired well dispersed randomly-oriented network of SWNTs within the 
composite or contribute to mechanical property enhancements. 
Composite tensile strength results in negligible improvements over the unmodified 
IL-cured epoxy network. The best improvement was observed for 1.0 wt% SWNT-
NH2, which is still only 20% improvement, meanwhile, MWNT-NH2 composites 
generally result in lower tensile strength than MWNT composites. These results 
indicate that the small groupings of nanotubes that remain in composites 
(approximately 50 nm in diameter) may be acting as defects in the network, and 
subsequently not providing a strengthening effect.  
Composite fracture toughness generally exhibits an increase over the unmodified 
network for all nanotube types at all concentrations. SWNT composites exhibit a 
greater reinforcing effect at low concentrations, while MWNT exhibit a greater 
reinforcing effect at high concentrations. The role of the enhanced interface via amine-
functional nanotubes is different for the different types of nanotubes evaluated. 
SWNT-NH2 composite FT is improved over SWNT composites and this effect is more 
pronounced at higher concentrations. Meanwhile, MWNT-NH2 composites exhibit 
almost identical FT enhancements as MWNT composites. This is likely an effect of 
the amount of amine groups on the nanotube surface, which is 10% for SWNT-NH2, 
and 1% for MWNT-NH2.  
Literature suggests a correlation between the roughness of the composite fracture 
surface and toughness enhancement. SEM images of composite fracture surfaces 
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revealed rough composite fracture surfaces, which are typical of more ductile 
materials, as compared to the glassy surface of brittle, unmodified ionic liquid-cured 
epoxy. Composites containing pristine and amine-functionalized nanotubes also 
exhibit different fracture mechanisms despite reinforcing the composite by the same 
extrinsic toughening mechanism, crack bridging. Composites containing pristine 
nanotubes exhibited nanotube pull-out in SEM images of fracture surfaces, which is 
typical of materials with poor interfacial adhesion, while composites containing 
amine-functionalized nanotubes exhibited nanotube fracture, seen by the many short 
fibers broken close to the surface of the matrix.  
4.3 Recommendations and Future Work 
There is very little understood about the ionic liquid dispersion mechanism of 
carbon nanotubes, and the current knowledge claims that nanotubes are dispersed by 
shear forces, while ionic liquid prevents reagglomeration of the particles. It would be 
of great importance to the field of nanotube composites to determine the dispersion 
mechanism responsible for the excellent dispersion abilities of ionic liquids. This 
knowledge can be applied toward the continued development of high quality 
multifunctional composite materials.  
Interfacial chemistry of nanotubes with ionic liquid and epoxy should be an 
important subject of future work. This work builds upon understanding the dispersion 
mechanism. It is clear that nanotubes possess a unique interaction with imidazolium-
based ionic liquids as dispersants, but it is also important to understand how the 
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nanotube-ionic liquid interface changes with the presence of different anions, as well 
as how ionic liquid cure of the network alters the nanotube surface chemistry.  
Young’s modulus measurements in conjunction with micromechanics modeling 
revealed a fundamental processing limitation in nanocomposite synthesis above the 
rheological percolation threshold. This is the first time that limits in mechanical 
property enhancements have been directly correlated with the rheological transition of 
the liquid composite to act as a solid-like material. Although excellent dispersion with 
moderate mechanical property enhancements were achieved for nanotube-IL-epoxy 
composites up to 1.0 wt%, composites containing a higher content of nanotubes will 
require altered or different processing methods for the desired mechanical property 
enhancements.  
Another direction of future work can use the idea of “critical gel concentration” to 
prepare composites for mechanical evaluation. The critical gel concentration is the 
concentration at which well dispersed tubes cause physical gelation of the medium. 
Composites can be prepared by first creating a nanotube gel, then adding this gel to 
the thermosetting network, resulting in a well dispersed composite.  
Future work to continue the development and understanding of processing-
structure-property relationships of composite materials can include processing 
composites at an even smaller gap size in the three roll mill, or pairing processing 
methods, such as sonication, which achieves excellent dispersion at low nanotube 
content, and three roll mill which retains high electrical conductivity in high 
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concentration composites. Synthesis and processing can be altered completely, by 
dispersing the nanotubes in the ionic liquid, then removing excess IL before dispersing 
the separated nanotubes in an epoxy-amine network.  
There is still much to understand regarding mechanical property enhancements of 
nanotube-epoxy composites, one of which is the role of the nanotube-epoxy interface. 
Through controlled nanotube functionalization which yields nanotubes with desired 
amine content, for example 5, 10, and 15% amine on the nanotube surface, the 
mechanical property enhancements of such a series of composites would result in 
much more thorough understanding of the role of the interface in each of the 
mechanical properties of interest: Young’s modulus, tensile strength, and fracture 
toughness.  
A fairly new use of ionic liquids that has emerged in recent years is functionalizing 
nanoparticles with ionic liquids. Such functionalization procedures retain the original 
properties of each component, and could provide an enhanced particle-matrix interface 
in nanotube-IL-epoxy composites without significant nanotube damage. The 
functionalized IL molecules on the nanotube surface can subsequently initiate 
polymerization of the epoxy, resulting in a nanotube-IL-epoxy composite with an 
enhanced interface without the need for covalent modification of the tubes.  
Finally, studies can be expanded to include other types of nanoscale fillers, 
including graphene, carbon onions, carbon black, and nanodiamond, since each of 
these particles possesses its own unique geometry and electrical and mechanical 
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properties. The synthesis and processing methods developed in this work along with 
the relationships to composite mechanical properties is tantamount to the continued 
development of high quality composites in the future.   
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APPENDIX A: NANOTUBE-EPOXY COMPOSITES 
PERCOLATION THRESHOLD LITERATURE SUMMARY 
 
Table A.1: SWNT-Epoxy composite percolation thresholds presented in literature. Rows not 
highlighted contain unmodified, pristine SWNTs, rows highlighted blue used functionalized 
nanotubes (covalent and non-covalent functionalization), and rows highlighted in yellow are 
results of this work.   
 
Synthesis Dispersion fφc (wt%) Reference 
CVD 3 Roll Milled with IL (6.5µm gap) 0.005 This Work 
CVD SWNTs sonicated in IL 0.005 This Work 
Laser Sonicated, non-sonicured 0.005 
Bryning 2005 
[27] 
HiPco Sonicated, non-sonicured 0.009 
Bryning 2005 
[27] 
CVD 3 Roll Milled with IL (20 µm gap) 0.01 This Work 
CVD 
3 Roll Milled with IL (6.5 µm gap), NH2-
Funct. 
0.01 This Work 
Laser Sonicated, sonicured 0.01 
Bryning 2005 
[27] 
CVD Sonicated with ethanol 0.015 
Thakre 2010 
[191] 
HiPco Sonicated, sonicured 0.023 
Bryning 2005 
[27] 
Arc Sonicated, stirred 0.04 Yu 2006 [64] 
CVD Calendered, stirred 0.04 
Gojny 2006 
[61] 
CVD Sonicated, heat sheared 0.05 
Moisala 2006 
[52] 
Arc 
discharge 
Sonicated in ethanol, nitric acid treated 
SWNTs, parallel to alignment 
0.05 
Wang 2008 
[147] 
HiPCo Sonicated in diamine 0.05 
Brown 2005 
[43] 
Arc 
discharge 
Sonicated in acetone, mechanical stirring, 
long SWNTs 
0.062 
Huang 2007 
[192] 
CVD Sonicated in acetone 0.062 
Huang 2007 
[192] 
Arc Sonicated, vacuum pumped 0.074 Kim 2003 [69] 
CVD Stirred 0.08 
Barrau 2005 
[58] 
CVD Shear Rotational Mixer with IL 0.1 This Work 
CVD 
Sonicated with THF, AmPy-funct. 
SWNTs 
0.1 Yan 2012 [46] 
Arc Sonicated 0.1 Brown 2005 
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[43] 
CVD Ball milled, heat sheared 0.23 
Moisala 2006 
[52] 
CVD 
Non-covalently funct. with two-epoxide 
containing pyrene derivatives, sonication 
in THF 
0.3 
Zhao 2012 
[193] 
HiPco PMMA  removal, epoxy infiltration 0.3 Du 2006 [55] 
CVD Sonicated, stirred 0.3 
Barrau 2003 
[70] 
Arc 
discharge 
Sonicated in acetone, mechanical stirring, 
short SWNTs 
0.318 
Huang 2007 
[192] 
Arc 
discharge 
Sonicated in acetone, mechanical stirring, 
annealed SWNTs 
0.342 
Huang 2007 
[192] 
CVD Sonicated with THF, pristine SWNTs 0.4 Yan 2012 [46] 
CVD 3 Roll Milled  with PACM (20 µm gap) 0.5 This Work 
Arc 
discharge 
Sonicated in ethanol, nitric acid treated 
SWNTs, perpendicular to alignment 
0.5 
Wang 2008 
[147] 
Arc Manually mixed 0.6 Liu 2007 [60] 
Arc Sonicated, stirred 1 Yu 2006 [64] 
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Table A.2: MWNT-Epoxy composite percolation thresholds presented in literature. Rows not 
highlighted contain unmodified, pristine MWNTs, rows highlighted blue used functionalized 
nanotubes (covalent and non-covalent functionalization), and rows highlighted in yellow are 
results of this work.   
 
Synthesis  Dispersion  fφc (wt%)  Reference  
CCVD  Aligned-grown MWNTs, slow stirred 0.0024 
Kovacs 2009 
[125] 
CVD High shear mixing 0.0025 
Moisala 2006 
[52] 
CVD 
Shear intensive mechanical stirring using 
a dissolver disk, aligned MWNTs 
0.005 
Sandler 2003 
[107] 
CCVD High pressure homogenizer 0.008 
Hollertz 2011 
[127] 
CCVD Dissolver disk, slow stirring 0.011 
Kovacs 2007 
[121] 
CCVD Sonicated, three roll milled 0.0117 
Rosca 2009 
[126] 
CVD Three roll milled 0.012 
Mehdipour 
2012 [128] 
CCVD 
Sonicated in acetone, epoxy and 
hardener, oxidized MWNTs 
0.012 
Spitalsky 2009 
[85] 
CVD Three roll milled with IL (6.5 µm gap) 0.02 This Work 
CCVD 
Sonicated MWNTs into epoxy, rotational 
shear with hardener 
0.02 
Faiella 2012 
[194] 
CVD Three roll milled 0.02 
Hollertz 2011 
[127] 
CCVD Sonicated in ethanol, stirred with resin 
0.0225<x<0.
4 
Sandler 1999 
[195] 
CCVD Dissolver disk, medium stirring 0.024 
Kovacs 2007 
[121] 
CCVD Three roll milled 0.025 
Sumfleth 2011 
[196] 
CVD Three roll milled 0.025 
Sumfleth 2010 
[172] 
CVD Mechanical mixing and ultrasonication 0.03 
Ivanov 2011 
[197] 
CVD Three roll mill 0.03 
Sumfleth 2009 
[198] 
CVD Sonicated in epoxy 0.03 
Kotsilkova 
2012 [36] 
CVD 
Three roll milled with IL (6.5 µm gap), 
NH2 funct. 
0.04 This Work 
CVD Three roll milled/aligned MWNTs 0.04 
Sumfleth 2010 
[172] 
CCVD Mechanical mixing/three roll mill 0.04 
Chapartegui 
2010 [199] 
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CVD Sonicated in epoxy/MWNT-NH2 0.05 
Kotsilkova 
2012 [36] 
CVD Sonicated in acetone 0.05 
Khan 2013 
[188] 
CVD 
Mechanical mixing and 
ultrasonication/MWNTs funct. with 
amine hardener 
0.05 
Ivanov 2011 
[197] 
 
Sonication/three roll mill 0.05 
Schulz 2011 
[49] 
 
High pressure homogenizer and three roll 
mill 
0.054 
Hollertz 2011 
[127] 
CCVD 
Sonicated in diamine, mixed with epoxy, 
aligned 
0.07 
Felisberto 2012 
[200] 
CCVD Dissolver disk, fast stirring 0.08 
Kovacs 2007 
[121] 
CVD Calendered, stirred <0.1 
Gojny 2006 
[61] 
CCVD Mixed with blender <0.1 
Cardoso 2012 
[201] 
CCVD Sonicated into epoxy <0.1 
Thakre 2010 
[191] 
CVD Sonicated in acetone, oxidized MWNTs 0.1<x<0.5 Zhao 2009 [86] 
CVD 
Sonicated in ethanol/epoxy mixture, 
pristine MWNTs 
0.1 Ma 2009 [202] 
CVD 
Sonicated in ethanol/epoxy mixture, 
funct. MWNTs, ball milled in presence of 
ammonium bicarbonate 
0.1 Ma 2009 [202] 
CVD 
Sonicated in ethanol/epoxy mixture, ball 
milled Ag-MWNTs 
0.1 Ma 2009 [202] 
CVD Stirrer and planetary mixer 0.1 Hu 2008 [203] 
CCVD 
Mixed by high shear and sonicated into 
chloroform/epoxy; amine-MWNTs 
0.1 
Prolongo 2009 
[83] 
CVD Rotational mixer, pristine MWNTs 0.1 
Martin-Gallego 
2012 [84] 
Arc 
discharge 
PANI-funct. MWNTs, direct shear 
dispersion 
>0.1 Gu 2013 [204] 
CVD 
Sonicated in ethanol, amine funct. 
MWNTs 
0.13 
Zhang 2011 
[205] 
CVD Bath ultrasonication, long MWNTs 0.15 
Inam 2012 
[206] 
CVD High speed stirring and three roll mill 0.15 
Peng 2013 
[207] 
CVD Dissolver (high shear and vortex flow) 0.2 
Vavouliotis 
2010 [208] 
CCVD Sonicated in epoxy 0.2 
Martone 2010 
[209] 
CVD Shear mixer/ultrasonic processor 0.2 
Heeder 2012 
[210] 
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CVD Shear planetary mixer (Thinky) <0.25 Li 2008 [211] 
CVD Sonication <0.25 
Martin-Gallego 
2013 [174] 
CVD Sonicated in propanol 0.25 
Makutkevic 
2013  
not given MWNTs sonicated into epoxy 0.25 
Ayatollahi 
2011 [33] 
CVD Calendered, stirred, MWNT-NH2 0.3<x<0.5 
Gojny 2006 
[61] 
CCVD Mechanical stirring/three roll mill 0.3 
Chapartegui 
2012 [62] 
CCVD Sonicated in diamine, mixed with epoxy 0.4 
Felisberto 2012 
[200] 
CVD 
Sonicated into diamine, sonicated with 
epoxy 
0.4 
Zilli 2007 
[212] 
CVD Sonicated in solvent/resin <0.5 
Song 2004 
[213] 
CVD Sonicated in ethanol <0.5 
Song 2005 
[169] 
CVD Bath ultrasonication, short MWNTs 0.5 
Inam 2012 
[206] 
CVD Sonicated in ethanol 0.51 
Zhang 2012 
[205] 
CVD Dissolved in acetone 0.6 
Yuen 2007 
[214] 
CVD 
Methanol dispersion with magnetic 
agitation, manually mixed into epoxy, 
filtered/short MWNTs 
0.69 
Allaoui 2003 
[215] 
CVD 
Methanol dispersion with magnetic 
agitation, manually mixed into epoxy 
0.79 
Allaoui 2003 
[215] 
laser Sonicated in acetone 1 
Safdari 2013 
[216] 
CVD 
Diamine functionalization of MWNTs, 
sonicated in THF 
1 
Barikani 2013 
[35] 
CVD 
Rotational mixer, -OH and -COOH 
MWNTs 
1 
Martin-Gallego 
2012 [84] 
CVD Sonicated in acetone 2.5 
Pecastaings 
2004 [37] 
CCVD Sonicated in DMF/ethanol 3.2 
Zeng 2011 
[217] 
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APPENDIX B: NANOTUBE-EPOXY COMPOSITES 
MECHANICAL PROPERTY ENHANCEMENTS LITERATURE 
SUMMARY 
 
Table B.1: SWNT-Epoxy composite Young’s modulus (YM) enhancements presented in 
literature. Rows not highlighted contain unmodified, pristine SWNTs, rows highlighted blue used 
functionalized nanotubes (covalent and non-covalent functionalization), and rows highlighted in 
yellow are results of this work.   
 
SWNT 
wt% 
Epoxy Matrix 
YM 
matrix 
(MPa) 
YM 
composite 
(MPa) 
% 
change 
Reference 
0.01 Epon 815/Amine 2.828 2.8 -0.99 
Fidelus 2005 
[218] 
0.01 DGEBA/IL 2838 2920 2.89 This Work 
0.01 DGEBA/IL/SWNT-NH2 2838 3178 11.98 This Work 
0.05 DGEBA/H137i 2.599 2.681 3.16 
Gojny 2005 
[153] 
0.05 DGEBA/IL 2838 2950 3.95 This Work 
0.05 Epon 815/Amine 1 1.08 8.00 
Fidelus 2005 
[218] 
0.05 DGEBA/IL/SWNT-NH2 2838 3158 11.28 This Work 
0.1 DGEBA/triethylenetetramine 1.68 1.68 0.00 
Yan 2012 
[46] 
0.1 
Epoxiber-20/hardener type IB-
72 
2.875 2.909 1.18 
De Villoria 
2006 [219] 
0.1 
DGEBA/polyethylene-
polyamine-triethylenetetramine 
mixture/SWNTs-COOH 
2874 2910 1.25 
Laborde-
Lahoz 2005 
[220] 
0.1 DGEBA/H137i 2.599 2.691 3.54 
Gojny 2005 
[153] 
0.1 
DGEBA/triethylenetetramineA
mPy-12 funct. SWNT 
1.68 1.74 3.57 
Yan 2012 
[46] 
0.1 DGEBA/IL/SWNT-NH2 2838 3136 10.50 This Work 
0.1 DGEBA/IL 2838 3140 10.64 This Work 
0.1 
System 2000 epoxy resin/2120 
epoxy hardener 
3.26 3.8 16.56 
Yavari 2012 
[221] 
0.2 Epon 862/Epicure system 0.161 0.156 -3.11 
Subramanian 
2005 [222] 
0.2 DGEBA/triethylenetetramine 1.68 1.67 -0.60 
Yan 2012 
[46] 
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0.2 
MY0510 Araldite as 
an epoxy and 4,4'-
diaminodiphenylsulfone 
4.02 4.4 7.00 
Ashrafi 2013 
[223] 
0.2 
DGEBA/triethylenetetramineA
mPy-12 funct. SWNT 
1.68 1.8 7.14 
Yan 2012 
[46] 
0.2 Hyson 9309.2/aliphatic amine 1.5 1.875 25.00 
Gerson 2010 
[224] 
0.25 
Araldite GY251/Aradur 
HY956/SWNT-COOH 
3000 3900 30.00 
Suave 2009 
[225] 
0.25 
Araldite GY 251/Aradur HY 
956 
0.258 1.535 494.96 
Loos 2008 
[63] 
0.3 DGEBA/triethylenetetramine 1.68 1.73 2.98 
Yan 2012 
[46] 
0.3 DGEBA/H137i 2.599 2.812 8.20 
Gojny 2005 
[153] 
0.3 
105 Epoxy Resin and the 206 
Slow Hardener (West System) 
3.5 3.98 13.71 
Ashrafi 2012 
[226] 
0.3 
DGEBA/triethylenetetramineA
mPy-12 funct. SWNT 
1.68 2.01 19.64 
Yan 2012 
[46] 
0.5 DGEBA/Epicure 9470 2.44 2.52 3.28 
Wang 2006 
[227] 
0.5 DGEBA/triethylenetetramine 1.68 1.77 5.36 
Yan 2012 
[46] 
0.5 
BP A-epichlorohydrin/modified 
polyamine/random 
415 450 8.43 
Wang 2008 
[147] 
0.5 DGEBA/IL 2838 3137 10.54 This Work 
0.5 
DGEBA/triethylenetetramineA
mPy-12 funct. SWNT 
1.68 1.89 12.50 
Yan 2012 
[46] 
0.5 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
perpendicular 
390 440 12.82 
Wang 2008 
[147] 
0.5 Epon 862- injected 2.34 2.65 13.25 
Farahani 
2012 [228] 
0.5 
Diglycidyl 
methacrelate/benzoyl peroxide 
2000 2300 15.00 
Wang 2008 
[147] 
0.5 
Rutapox L20/Rutapox 
LS/amine funct. SWNTs 
3300 3890 17.88 
Che 2009 
[155] 
0.5 Araldite GY251/Aradur HY956 3.5 4.3 18.60 
Pizzutto 2011 
[229] 
0.5 DGEBA/IL/SWNT-NH2 2838 3390 19.45 This Work 
0.5 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
parallel 
415 500 20.48 
Wang 2008 
[147] 
0.5 
Epon 862/DETDA/amine funct. 
SWNTs 
2000 2500 25.00 
Wang 2009 
[230] 
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0.5 
Diglycidyl 
methacrylate/benzoyl 
peroxide/epoxide grafted 
SWNTs 
2000 2600 30.00 
Wang 2008 
[71] 
0.5 Epon 862/Epicure system 0.161 0.222 37.89 
Subramanian 
2005 [222] 
0.5 Hyson 9309.2/aliphatic amine 1.45 1.9 31.03 
Gerson 2010 
[224] 
1 DGEBA/triethylenetetramine 1.68 1.72 2.38 
Yan 2012 
[46] 
1 
DGEBA/Jeffamine D230 and 
Jeffamine D-2000 (glassy) 
2.84 2.94 3.52 
Yang 2012 
[154] 
1 
DGEBA/Jeffamine D230 and 
Jeffamine D-2000 (rubbery) 
3.45 3.6 4.35 
Yang 2012 
[154] 
1 DGEBA/Epon W 2.026 2.123 4.79 
Zhu 2003 
[12] 
1 
105 Epoxy Resin and the 206 
Slow Hardener (West System) 
3.5 3.67 4.86 
Ashrafi 2012 
[226] 
1 
DGEBA/triethylenetetramineA
mPy-12 funct. SWNT 
1.68 1.82 8.33 
Yan 2012 
[46] 
1 DGEBA/triethylenetetramine 1580 1720 8.86 
Zhao 2012 
[193] 
1 DGEBA/amine 4 4.4 10.00 Li 2004 [231] 
1 
DGEBA/Epon W/SWNTs-
fluorinated 
2.026 2.262 11.65 
Zhu 2003 
[12] 
1 
DGEBA/triethylenetetramine/n
on-cov. funct. With 2-epoxide 
containing pyrene derivative 
1580 1820 15.19 
Zhao 2012 
[193] 
1 
BP A-epichlorohydrin/modified 
polyamine/random 
415 503 21.20 
Wang 2008 
[147] 
1 DGEBA/IL 2838 3450 21.56 This Work 
1 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
perpendicular 
390 480 23.08 
Wang 2008 
[147] 
1 Epon 862- injected 2.34 2.93 25.00 
Farahani 
2012 [228] 
1 DGEBA/IL/SWNT-NH2 2838 3667 29.21 This Work 
1 DGEBA/Epon W/SWNTs-NH2 2.026 2.65 30.80 
Zhu 2003 
[12] 
1 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
parallel 
415 595 43.37 
Wang 2008 
[147] 
1 
Diglycidyl 
methacrelate/benzoyl 
peroxide/epoxide grafted 
SWNTs 
2000 3250 62.50 
Wang 2008 
[71] 
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1 
a-glycidyl terminated bisphenol 
A/3,30-dihydroxy-4,4'-
diaminobiphenyl 
2.6 4.7 80.00 
Yuan 2010 
[148] 
2 DGEBA/IL/SWNT-NH2 2838 3349 18.01 This Work 
2 DGEBA/IL 2838 3460 21.92 This Work 
3 DGEBA/amine 1.925 1.105 -42.60 
Camponeschi 
2007 [232] 
3 DGEBA/amine 3.964 2.282 -42.28 
Camponeschi 
2007 [232] 
3 DGEBA/amine 4 5.8 45.00 Li 2004 [231] 
3 
BP A-epichlorohydrin/modified 
polyamine/random 
415 615 48.19 
Wang 2008 
[147] 
4 
DGEBA/Jeffamine D-230 and 
Jeffamine D-2000 (glassy) 
2.84 3.18 11.97 
Yang 2012 
[154] 
4 
DGEBA/Jeffamine D-230 and 
Jeffamine D-2000 (rubbery) 
3.45 8.1 134.78 
Yang 2012 
[154] 
5 DGEBA/IL 2838 3510 23.68 This Work 
5 DGEBA/IL/SWNT-NH2 2838 3746 31.99 This Work 
5 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
perpendicular 
390 610 56.41 
Wang 2008 
[147] 
5 
BP A-epichlorohydrin/modified 
polyamine/random 
415 685 65.06 
Wang 2008 
[147] 
5 DGEBA/amine 4 7 75.00 Li 2004 [231] 
5 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
parallel 
415 1020 145.78 
Wang 2008 
[147] 
7 
BP A-epichlorohydrin/modified 
polyamine/random 
415 701 68.92 
Wang 2008 
[147] 
10 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
perpendicular 
390 625 60.26 
Wang 2008 
[147] 
10 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
parallel 
415 1150 177.11 
Wang 2008 
[147] 
20.5 DGEBA 610/amine hardener 1.22 3.24 165.57 
Feng 2011 
[66] 
33 Bisphenol F/aromatic amine 2.78 15 440.00 
Kobashi 
2011 [233] 
34 Araldite MY0510/DDS 3.5 15.4 340.00 
Ashrafi 2010 
[234] 
39.1 DGEBA 610/amine hardener 1.22 6.2 408.00 
Feng 2011 
[66] 
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Table B.2: MWNT-Epoxy composite Young’s modulus (YM) enhancements presented in 
literature. Rows not highlighted contain unmodified, pristine MWNTs, rows highlighted blue 
used functionalized nanotubes (covalent and non-covalent functionalization), and rows 
highlighted in yellow are results of this work.   
 
MWNT 
wt% 
Epoxy Matrix  
YM 
matrix 
(Mpa) 
YM 
composite 
(MPa) 
% 
change 
Reference 
0.01 DGEBA/IL 2838 2918 2.82 This Work 
0.01 DGEBA/IL/MWNT-NH2 2838 3136 10.50 This Work 
0.02 
DGEBF/diethyl toluene 
diamine 
2670 2720 1.87 
Chen 2009 
[235] 
0.05 
DGEBF/diethyl toluene 
diamine 
2670 2770 3.75 
Chen 2009 
[235] 
0.05 Epon 815/polyetheramine 2828 2969 4.99 
Fidelus 2005 
[218] 
0.05 DGEBA/IL/MWNT-NH2 2838 2999 5.67 This Work 
0.05 DGEBA/IL 2838 3100 9.23 This Work 
0.05 DGEBA/HY50 2945 3298 11.99 
Fidelus 2005 
[218] 
0.05 
System 2000 epoxy resin/2120 
epoxy hardener 
3260 3720 14.11 
Yavari 2012 
[221] 
0.1 
Epoxy polysulfide 
resin/aliphatic amine 
406 389 -4.19 
Hadavand 
2013 [152] 
0.1 
Araldite LY564/Aradur 
HY560 
3430 3458 0.82 
Montazeri 
2010 [157] 
0.1 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
3430 3465 1.02 
Montazeri 
2010 [157] 
0.1 
DGEBA/H137i (unknown 
amine hardener)/DWNTs 
3300 3350 1.52 
Gojny 2004 
[106] 
0.1 DGEBA LY-556/anhydride 2900 3010 3.79 
Hsieh 2011 
[236] 
0.1 
DGEBA/H137i (unknown 
amine hardener)/DWNTs-NH2 
3300 3500 6.06 
Gojny 2004 
[106] 
0.1 
DGEBA/H137i (unknown 
amine hardener) 
2599 2780 6.96 
Gojny 2005 
[153] 
0.1 DGEBA/IL 2838 3079 8.49 This Work 
0.1 DGEBA/IL 2838 3115 9.76 This Work 
0.1 
DGEBA/H137i (unknown 
amine hardener)/MWNTs-NH2 
2599 2884 10.97 
Gojny 2005 
[153] 
0.1 Epon 862/Epicure W 2550 2870 12.55 
Gu 2013 
[204] 
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0.1 
Acid functionalized nanotubes, 
epoxy polysulfide 
resin/aliphatic amine 
406 458 12.81 
Hadavand 
2013 [152] 
0.1 
Araldite LY564/Aradur 
HY560 1 h sonication 
2550 2914 14.27 
Montazeri 
2011 [237] 
0.1 
Epoxy resin ML-
520/triethylenetetramine 
3100 3570 15.16 
Alishahi 
2013 [238] 
0.1 
System 2000 epoxy resin/2120 
epoxy hardener 
3260 3760 15.34 
Yavari 2012 
[221] 
0.1 
Epon 862/Epikure W/PANI-
funct. MWNTs 
2550 2950 15.69 
Gu 2013 
[204] 
0.15 
Poly(hydroxyethyl 
methacrylate)-Coated 
MWNTs, Epon 
8111/ancamine TETA 
0.053 0.062 16.98 
Curtzwiler 
2013 [239] 
0.15 
Epon 862/Epikure W/PANI-
funct. MWNTs 
2550 3100 21.57 
Gu 2013 
[204] 
0.2 
DGEBF/diethyl toluene 
diamine 
2670 2830 5.99 
Chen 2009 
[235] 
0.1 DGEBA LY-556/anhydride 2900 3110 7.24 
Hsieh 2011 
[236] 
0.2 
DGEBF/diethyl toluene 
diamine 
4360 4730 8.49 
Yang 2012 
[240] 
0.2 
Epoxy polysulfide 
resin/aliphatic amine 
406 478 17.73 
Hadavand 
2013 [152] 
0.2 
Acid functionalized MWNTs, 
epoxy polysulfide 
resin/aliphatic amine 
406 535 31.77 
Hadavand 
2013 [152] 
0.24 
Diglycidyl ether of 
polypropylene 
glycol/triethylenetetramine 
0.0015 0.0018 20.00 Li 2004 [53] 
0.25 
LY-5052 epoxy/HY-5052 
hardener 
3110 3230 3.89 
Omidi 2010 
[156] 
0.5 DGEBA/diethylene triamine 1631 1954 19.80 
Martin-
Gallego 2013 
[174] 
0.3 
Epon 862/Epikure W/PANI-
funct. MWNTs 
2550 3080 20.78 
Gu 2013 
[204] 
0.3 Epon 862/Epikure W  2550 3120 22.35 
Gu 2013 
[204] 
0.3 
Epoxy polysulfide 
resin/aliphatic amine 
406 523 28.82 
Hadavand 
2013 [152] 
0.3 
Acid functionalized nanotubes, 
epoxy polysulfide 
resin/aliphatic amine 
406 723 78.08 
Hadavand 
2013 [152] 
0.5 DGEBA/TETA 1600 1350 -15.63 Li 2008 [160] 
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0.5 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener 
3480 3060 -12.07 
Chen 2006 
[161] 
0.5 
DGEBA/TETA/acid-treated 
MWNTs 
1600 1400 -12.50 Li 2008 [160] 
0.5 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/MWNTs-COOH 
3480 3110 -10.63 
Chen 2006 
[161] 
0.5 
Unspecified, diamino funct. 
MWNTs (Di) 
2320 2195 -5.39 
Zhao 2010 
[241] 
0.5 
Unspecified, diamino funct. 
MWNTs (XD) 
2320 2287 -1.42 
Zhao 2010 
[241] 
0.5 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/PGE-MWNTs 
3480 3480 0.00 
Chen 2006 
[161] 
0.5 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/DGEBA-MWNTs 
3480 3520 1.15 
Chen 2006 
[161] 
0.5 DGEBA/IL/MWNT-NH2 2838 2887 1.73 This Work 
0.5 Epikote 828/polyamines 2900 2980 2.76 
Bellucci 
2011 [242] 
0.5 
Epoxy resin ML-
520/triethylenetetramine 
3100 3200 3.23 
Alishahi 
2013 [238] 
0.5 Epikote 862/DMP-30 catalyst 2390 2470 3.35 
Yang 2012 
[243] 
0.5 
DGEBA/ 
Diaminophenylsulfone 
1400 1470 5.00 
Yuen 2008 
[158] 
0.5 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
3430 3680 7.29 
Montazeri 
2010 [157] 
0.5 
DGEBA/H137i (unknown 
amine hardener)/DWNTs 
2599 2790 7.35 
Gojny 2005 
[153] 
0.5 DGEBA/IL 2838 3061 7.86 This Work 
0.5 
Araldite LY564/Aradur 
HY560 
3430 3705 8.02 
Montazeri 
2010 [157] 
0.5 
Epikote 862/DMP-30 
catalyst/DA-MWNT 
2390 2630 10.04 
Yang 2012 
[243] 
0.5 
DGEBF/diethyl toluene 
diamine 
4360 4800 10.09 
Yang 2012 
[240] 
0.5 
LY-5052 epoxy/HY-5052 
hardener 
3110 3480 11.90 
Omidi 2010 
[156] 
0.5 DGEBA LY-556/anhydride 2900 3260 12.41 
Hsieh 2011 
[236] 
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0.5 
DGEBA/H137i (unknown 
amine hardener)/DWNTs-NH2 
2599 2978 14.58 
Gojny 2005 
[153] 
0.5 
DGEBF/diethyl toluene 
diamine 
2670 3090 15.73 
Chen 2009 
[235] 
0.5 DGEBA/diethylene triamine 1631 2005 22.93 
Martin-
Gallego 2013 
[174] 
0.5 
DGEBA/diethylene 
triamine/oxidized MWNTs 
1631 2039 25.02 
Martin-
Gallego 2013 
[174] 
0.5 
Epikote 862/DMP-30 
catalyst/ED-MWNT 
2390 3070 28.45 
Yang 2012 
[243] 
0.5 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=50µm 
1300 1700 30.77 
Bai 2003 
[159] 
0.5 
Unspecified, diamino funct. 
MWNTs (BOC) 
2320 3052 31.55 
Zhao 2010 
[241] 
0.5 
Epoxy resin E-44/curing agent 
EMI-2,4; polyaniline grafted 
MWNTs 
510 700 37.25 
Xu 2012 
[244] 
0.5 
DGEBA/TETA/TETA-mod 
MWNTs 
1600 2250 40.63 Li 2008 [160] 
0.5 
DGEBA/Diaminophenylsulfon
e/TiO2-MWNTS 
1400 2080 48.57 
Yuen 2008 
[158] 
0.5 
BP A-
epichlorohydrin/triethylenetetr
amine ℓ=1µm 
1300 2100 61.54 
Bai 2003 
[159] 
0.5 
BP A-
epichlorohydrin/triethylenetetr
amine ℓ=10µm 
1300 2300 76.92 
Bai 2003 
[159] 
0.5 
BP A-
epichlorohydrin/triethylenetetr
amine 
0.15 0.44 193.00 
Ci 2006 
[150] 
0.6 
Epon 828/ 
triethylamine/silane-modified 
MWNTs 
880 1290 46.59 
Wu 2010 
[245] 
0.7 
Epon 862/Epikure W/PANI-
funct. MWNTs 
2550 3720 45.88 
Gu 2013 
[204] 
0.75 DGEBA/diethylene triamine 1631 2267 38.99 
Martin-
Gallego 2013 
[174] 
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0.8 
Epon 828/ 
triethylamine/silane-modified 
MWNTs 
880 1100 25.00 
Wu 2010 
[245] 
0.8 
Epon 828/ 
triethylamine/silane-modified 
MWNTs 
880 1340 52.27 
Wu 2010 
[245] 
1 
DGEBA/ 
Diaminophenylsulfone 
1400 1030 -26.43 
Yuen 2008 
[158] 
1 
Epon 828/mPDA/small diam 
MWNTs 
1970 1590 -19.29 
Hernandez-
Perez 2008 
[246] 
1 
DGEBA/Jeffamine  D-
230&D-2000 (rubbery) 
3.45 3.06 -11.30 
Yang 2012 
[154] 
1 
Epon 828/mPDA/large diam 
MWNTs 
1970 1770 -10.15 
Hernandez-
Perez 2008 
[246] 
1 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener 
3480 3280 -5.75 
Chen 2006 
[161] 
1 Epikote 828/polyamines 2900 2640 -8.97 
Bellucci 
2011 [242] 
1 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/MWNTs-COOH 
3480 3100 -10.92 
Chen 2006 
[161] 
1 Epon 828/Jeffamine t-403 2162 2167 0.23 
Liu 2005 
[247] 
1 
DGEBA/Jeffamine D-230&D-
2000 (glassy) 
2.84 2.86 0.70 
Yang 2012 
[154] 
1 
DGEBA/TH432 (aromatic 
amine)/acid treated MWNTs 
1210 1220 0.83 
Kim 2006 
[248] 
1 
Poly(hydroxyethyl 
methacrylate)-Coated 
MWNTs, Epon 
8111/ancamine TETA 
0.053 0.054 1.89 
Curtzwiler 
2013 [239] 
1 
DGEBA/TH432 (aromatic 
amine)/MWNTs-NH2 
1210 1230 1.65 
Kim 2006 
[248] 
1 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/PGE-MWNTs 
3480 3580 2.87 
Chen 2006 
[161] 
1 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/DGEBA-MWNTs 
3480 3590 3.16 
Chen 2006 
[161] 
1 
Epon 828/Jeffamine t-
403/carboxyl grafted MWNTs 
2162 2250 4.07 
Liu 2005 
[247] 
1 Epon 828/Epikure 3274 8540 8900 4.22 Johnson 2011 
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[249] 
1 Epon 828/Jeffamine D-2000 1.89 1.97 4.23 
Liu 2005 
[247] 
1 
DGEBA/H137i (unknown 
amine hardener)/DWNTs-NH2 
3300 3500 6.06 
Gojny 2004 
[106] 
1 DGEBA/IL 2838 3118 9.87 This Work 
1 Epoxy 6620/hardener AH150 953 1069 12.17 
Her 2012 
[250] 
1 
DGEBF/diethyl toluene 
diamine 
4360 4920 12.84 
Yang 2012 
[240] 
1 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
3430 3860 12.54 
Montazeri 
2010 [157] 
1 
DGEBA/TH432 (aromatic 
amine) 
1210 1380 14.05 
Kim 2006 
[248] 
1 
Araldite LY564/Aradur 
HY560 
3430 3951 15.19 
Montazeri 
2010 [157] 
1 
DGEBF/diethyl toluene 
diamine 
2670 3110 16.48 
Chen 2009 
[235] 
1 
Epon 862/Epikure W/PANI-
funct. MWNTs 
2550 2980 16.86 
Gu 2013 
[204] 
1 
LY-5052 epoxy/HY-5052 
hardener 
3110 3670 18.01 
Omidi 2010 
[156] 
1 DGEBA/IL/MWNT-NH2 2838 3365 18.57 This Work 
1 
BP A-
epichlorohydrin/modified 
polyamine 
1900 2350 23.68 
Yeh 2008 
[251] 
1 
DGEBA YD-
128/poly(aminoamine) 
1500 1900 26.67 
Shanmughara
j 2011 [252] 
1 
Epon 828/Jeffamine D-
2000/carboxyl grafted 
MWNTs 
1.89 2.41 27.51 
Liu 2005 
[247] 
1 
DGEBA/ 
Diaminophenylsulfone/TiO2-
MWNTs 
1400 1800 28.57 
Yuen 2008 
[158] 
1 Epoxy system E120-H100 2830 3640 28.62 
Yu 2008 
[253] 
1 
DGEBA/TH432 (aromatic 
amine)/plasma treated 
MWNTs 
1210 1610 33.06 
Kim 2006 
[248] 
1 
DGEBA YD-
128/poly(aminoamine)/ 
phenol-anchored MWNTs 
1500 2100 40.00 
Shanmughara
j 2011 [252] 
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1 
Epoxy resin E-44/curing agent 
EMI-2,4; polyaniline grafted 
MWNTs 
510 733 43.73 
Xu 2012 
[244] 
1 
Araldite LY-556/hardener HY-
917/accelerator DY-070 
200 300 50.00 
Srivastava 
2012 [254] 
1 
BP A-
epichlorohydrin/triethylenetetr
amine ℓ=50µm 
1300 2300 76.92 
Bai 2003 
[159] 
1 
BP A-
epichlorohydrin/triethylenetetr
amine (overaged) ℓ=1µm 
1300 2400 84.62 
Bai 2003 
[159] 
1 DGEBA/TETA 118 236 100.00 
Allaoui 2002 
[149] 
1 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=10µm 
1300 2600 100.00 
Bai 2003 
[159] 
1 
BP A-
epichlorohydrin/triethylenetetr
amine 
340 830 144.12 
Ci 2006 
[150] 
1.5 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
3430 4050 18.08 
Montazeri 
2010 [157] 
1.5 
Araldite LY564/Aradur 
HY560 
3430 4138 20.64 
Montazeri 
2010 [157] 
1.5 
LY-5052 epoxy/HY-5052 
hardener 
3110 3890 25.08 
Omidi 2010 
[156] 
1.5 
Epoxy resin E-44/curing agent 
EMI-2,4; polyaniline grafted 
MWNTs 
510 675 32.35 
Xu 2012 
[244] 
2 
DGEBA/(2-ethylic-4-methyl 
imidazole)/acid treated 
MWNTs 
1060 1000 -5.66 
Guo 2007 
[255] 
2 
RenGel SW 5200/Ren HY 
5212 
5299 5654 6.70 
Karapappas 
2011 [256] 
2 Epon 828/Epikure 3274 8540 9150 7.14 
Johnson 2011 
[249] 
2 
DGEBF/diethyl toluene 
diamine 
2670 3130 17.23 
Chen 2009 
[235] 
2 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
3430 4100 19.53 
Montazeri 
2010 [157] 
2 
Araldite LY564/Aradur 
HY560 
3430 4225 23.18 
Montazeri 
2010 [157] 
2 Epoxy 6620/hardener AH150 953 1263.5 32.58 
Her 2012 
[250] 
2 
DGEBA YD-
128/poly(aminoamine) 
1500 2000 33.33 
Shanmughara
j 2011 [252] 
221 
 
2 
LY-5052 epoxy/HY-5052 
hardener 
3110 4200 35.05 
Omidi 2010 
[156] 
2 
BP A-
epichlorohydrin/modified 
polyamine 
1900 2575 35.53 
Yeh 2008 
[251] 
2 
PBI matrix resin/funct. 
MWNTs (MMA presence) 
980 1410 43.88 
Zhang 2011 
[205] 
2 
DGEBA YD-
128/poly(aminoamine)/ 
phenol-anchored MWNTs 
1500 2500 66.67 
Shanmughara
j 2011 [252] 
2 Epoxy system E120-H100 2830 4180 47.70 
Yu 2008 
[253] 
2 
Araldite LY-556/hardener HY-
917/accelerator DY-070 
200 450 125.00 
Srivastava 
2012 [254] 
2.5 
DGEBF/diethyl toluene 
diamine 
4360 5020 15.14 
Yang 2012 
[240] 
3 
Aeropoxy (BP A and 
multifunctional 
acrylate)/unknown amine 
3964 1298 -67.26 
Camponeschi 
2007 [232] 
3 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/MWNTs-COOH 
3480 3060 -12.07 
Chen 2006 
[161] 
3 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener 
3480 3150 -9.48 
Chen 2006 
[161] 
3 
BP A- and BP F-
epichlorohydrin/unknown 
amine 
1925 1963 1.97 
Camponeschi 
2007 [232] 
3 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/DGEBA-MWNTs 
3480 4020 15.52 
Chen 2006 
[161] 
3 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
3430 4200 22.45 
Montazeri 
2010 [157] 
3 
Araldite LY564/Aradur 
HY560 
3430 4365 27.26 
Montazeri 
2010 [157] 
3 
DGEBA YD-
128/poly(aminoamine) 
1500 2050 36.67 
Shanmugha-
raj 2011 
[252] 
3 
LY-5052 epoxy/HY-5052 
hardener 
3110 4450 43.09 
Omidi 2010 
[156] 
3 
BP A-
epichlorohydrin/modified 
polyamine 
1900 2750 44.74 
Yeh 2008 
[251] 
3 Epoxy system E120-H100 2830 4210 48.76 
Yu 2008 
[253] 
3 
DGEBA YD-
128/poly(aminoamine)/ 
phenol-anchored MWNTs 
1500 2650 76.67 
Shanmugha-
raj 2011 
[252] 
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3 
Diglycidyl ether of butanediol/ 
isophoronediamine 
1590 3000 88.68 
Breton 2004 
[151] 
3 
Araldite LY-556/hardener HY-
917/accelerator DY-070 
200 550 175.00 
Srivastava 
2012 [254] 
4 
DGEBA/(2-ethylic-4-methyl 
imidazole)/acid treated 
MWNTs 
1060 925 -12.74 
Guo 2007 
[255] 
4 
DGEBA/Jeffamine D-230&D-
2000 (glassy) 
2.84 2.94 3.52 
Yang 2012 
[154] 
4 
DGEBA/Jeffamine D-230&D-
2000 (rubbery) 
3.45 4.23 22.61 
Yang 2012 
[154] 
4 
BP A-
epichlorohydrin/modified 
polyamine 
1900 2850 50.00 
Yeh 2008 
[251] 
4 
LY-5052 epoxy/HY-5052 
hardener 
3110 4700 51.13 
Omidi 2010 
[156] 
4 Epoxy system E120-H100 2830 4390 55.12 
Yu 2008 
[253] 
4 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=50 µm 
1300 2600 100.00 
Bai 2003 
[159] 
4 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=10 µm 
1300 2800 115.38 
Bai 2003 
[159] 
4 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=1 µm 
1300 2800 115.38 
Bai 2003 
[159] 
4 DGEBA/TETA 118 465 294.07 
Allaoui 2002 
[149] 
5 
DGEBA/ 
triethylenetetramine 
3100 3710 19.68 
Schadler 
1998 [143] 
5 DGEBA/ethane-1,2-diamine 5000 7000 40.00 Li 2008 [211] 
5 
BP A/ 
triethylenetetramine/cup 
stacked CNTs 
5300 7800 47.17 
Choi 2005 
[257] 
5 
BP A-
epichlorohydrin/modified 
polyamine 
1900 2900 52.63 
Yeh 2008 
[251] 
5 
BP A/ 
triethylenetetramine/ozone 
treated cup stacked CNTs 
5300 8500 60.38 
Choi 2005 
[257] 
5 Epoxy system E120-H100 2830 4560 61.13 
Yu 2008 
[253] 
5 
BP A-
epichlorohydrin/modified 
polyamine 
28 49.5 76.79 
Chang 2005 
[258] 
6 
DGEBA/(2-ethylic-4-methyl 
imidazole) 
1060 840 -20.75 
Guo 2007 
[255] 
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6 
Diglycidyl ether of 
butanediol/isophoronediamine/
ball milled MWNTs 
3100 2900 -6.45 
Breton 2002 
[259] 
6 
Diglycidyl ether of 
butanediol/isophoronediamine/
raw MWNTs 
3100 3600 16.13 
Breton 2002 
[259] 
6 
diglycidyl ether of 
butanediol/isophoronediamine/
oxidized MWNTs 
3100 4100 32.26 
Breton 2002 
[259] 
6 
diglycidyl ether of 
butanediol/isophoronediamine/
annealed MWNTs 
3100 4700 51.61 
Breton 2002 
[259] 
6 
LY-5052 epoxy/HY-5052 
hardener 
3110 4980 60.13 
Omidi 2010 
[156] 
6 
Butanediol glycidyl 
ether/amine hardener, 
MWNTs- O2 grafted groups 
3100 4130 33.23 
Breton 2004 
[151] 
8 
DGEBA/(2-ethylic-4-methyl 
imidazole) 
1060 740 -30.19 
Guo 2007 
[255] 
8 
LY-5052 epoxy/HY-5052 
hardener 
3110 5220 67.85 
Omidi 2010 
[156] 
10 
BP A/ 
triethylenetetramine/cup 
stacked CNTs 
5300 7000 32.08 
Choi 2005 
[257] 
10 
BP A/ 
triethylenetetramine/ozone 
treated cup stacked CNTs 
5300 7200 35.85 
Choi 
2005[257] 
10 
BP A-
epichlorohydrin/modified 
polyamine 
28 44 57.14 
Chang 2005 
[258] 
10 
LY-5052 epoxy/HY-5052 
hardener 
3110 5410 73.95 
Omidi 2010 
[156] 
20 
BP A/ 
triethylenetetramine/cup 
stacked CNTs 
5300 6500 22.64 
Choi 2005 
[257] 
20 
BP A/ 
triethylenetetramine/ozone 
treated cup stacked CNTs 
5300 6600 24.53 
Choi 2005 
[257] 
31.3 
Bisphenol-A type epoxy, 
novolac type epoxy/aromatic 
diamine 
2500 49600 1884.0 
Ogasawara 
2011 [260] 
40 Epoxy/polyamine 340 6590 1838.0 
Zhang 2013 
[261] 
Bucky-
paper 
Epoxy 
3266/hexahydrophthalic 
anhydride 
2500 14000 460.00 
Cheng 2010 
[262] 
Bucky-
paper 
DGEBA/2-ethyl-4-methyl 
imidazole, acid treated 
MWNTs 
2050 6020 193.66 
Guo 2013 
[263] 
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Table B.3: SWNT-Epoxy composite Ultimate Tensile Strength (UTS) enhancements presented in 
literature. Rows not highlighted contain unmodified, pristine SWNTs, rows highlighted blue used 
functionalized nanotubes (covalent and non-covalent functionalization), and rows highlighted in 
yellow are results of this work.   
 
SWNT 
wt% 
Epoxy Matrix 
UTS 
matrix 
(MPa) 
UTS 
composite 
(MPa) 
% 
change 
Reference 
0.01 DGEBA/IL/SWNT-NH2 76.38 73.1 -4.29 This Work 
0.01 DGEBA/IL 76.38 74.57 -2.37 This Work 
0.01 Epon 815/amine 1 1.15 15.00 
Fidelus 2005 
[218] 
0.05 DGEBA/IL 76.38 68.26 -10.63 This Work 
0.05 DGEBA/H137i 63.8 65.84 3.20 
Gojny 2005 
[153] 
0.05 
System 2000 epoxy resin/2120 
epoxy hardener 
55 60 9.09 
Yavari 2012 
[221] 
0.05 DGEBA/IL/SWNT-NH2 76.38 81.73 7.00 This Work 
0.05 Epon 815/Amine 1 1.19 19.00 
Fidelus 2005 
[218] 
0.1 DGEBA/IL 76.38 75.76 -0.81 This Work 
0.1 DGEBA/H137i 63.8 66.34 3.98 
Gojny 2005 
[153] 
0.1 DGEBA/IL/SWNT-NH2 76.38 79.64 4.27 This Work 
0.1 DGEBA/triethylenetetramine 33.4 34.9 4.49 
Yan 2012 
[46] 
0.1 
Epoxiber-20/hardener type IB-
72 
64.76 68.36 5.56 
deVilloria 
2006 [219] 
0.1 
DGEBA/polyethylene-
polyamine-triethylenetetramine 
mixture/SWNTs-COOH 
64.76 68.36 5.56 
Laborde-
Lahoz 2005 
[220] 
0.1 
DGEBA/triethylenetetramine 
AmPy-12 funct. SWNT 
33.4 35.4 5.99 
Yan 2012 
[46] 
0.1 
System 2000 epoxy resin/2120 
epoxy hardener 
55 64 16.36 
Yavari 2012 
[221] 
0.2 
MY0510 Araldite as 
an epoxy and 4,4'-
diaminodiphenylsulfone 
92.2 71.2 -22.78 
Ashrafi 2013 
[223] 
0.2 Epon 862/Epicure system 11.62 11.712 0.79 
Subramanian 
2005 [222] 
0.2 DGEBA/triethylenetetramine 33.4 36.3 8.68 
Yan 2012 
[46] 
0.2 
DGEBA/triethylenetetramine 
AmPy-12 funct. SWNT 
33.4 42.4 26.95 
Yan 2012 
[46] 
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0.2 Hyson 9309.2/aliphatic amine 36 49 36.11 
Gerson 2010 
[224] 
0.25 
Araldite GY251/Aradur 
HY956/carboxylated SWNTs 
31.3 28.7 -8.31 
Suave 2009 
[225] 
0.25 
Araldite GY 251/Aradur HY 
956 
8.5 28.2 231.76 
Loos 2008 
[63] 
0.3 
105 Epoxy Resin and the 206 
Slow Hardener (West System) 
40.5 41 1.23 
Ashrafi 2012 
[226] 
0.3 DGEBA/H137i 63.8 67.28 5.45 
Gojny 2005 
[153] 
0.3 DGEBA/triethylenetetramine 33.4 39.8 19.16 
Yan 2012 
[46] 
0.3 
DGEBA/triethylenetetramine 
AmPy-12 funct. SWNT 
33.4 51.6 54.49 
Yan 2012 
[46] 
0.5 DGEBA/IL/SWNT-NH2 76.38 63.78 -16.50 This Work 
0.5 
Diglycidyl 
methacrelate/benzoyl peroxide 
73 71 -2.74 
Wang 2008 
[71] 
0.5 Epon 862/DETDA 72.6 71.5 -1.52 
Wang 2009 
[230] 
0.5 DGEBA/IL 76.38 75.23 -1.51 This Work 
0.5 Epon 862/Epicure system 11.62 12.1 4.13 
Subramanian 
2005 [222] 
0.5 Araldite GY251/Aradur HY956 39.7 41.8 5.29 
Pizzutto 2011 
[229] 
0.5 Epon 862- injected 64.7 71.1 9.89 
Farahani 
2012 [228] 
0.5 
BP A-epichlorohydrin/modified 
polyamine/random 
8 9 12.50 
Wang 2008 
[147] 
0.5 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
perpendicular 
7 8 14.29 
Wang 2008 
[147] 
0.5 
Epon 862/DETDA/amine funct. 
SWNTs 
72.6 88.5 21.90 
Wang 2009 
[230] 
0.5 DGEBA/triethylenetetramine 33.4 40.8 22.16 
Yan 2012 
[46] 
0.5 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
parallel 
8 10 25.00 
Wang 2008 
[147] 
0.5 
Diglycidyl 
methacrelate/benzoyl 
peroxide/epoxide grafted 
SWNTs 
73 92 26.03 
Wang 2008 
[71] 
0.5 Hyson 9309.2/aliphatic amine 36 47 30.56 
Gerson 2010 
[224] 
0.5 
Rutapox L20/Rutapox 
LS/amine funct. SWNTs 
90 125 38.89 
Che 2009 
[155] 
0.5 DGEBA/triethylenetetramine 33.4 47.2 41.32 Yan 2012 
226 
 
AmPy-12 funct. SWNT [46] 
1 
105 Epoxy Resin and the 206 
Slow Hardener (West System) 
40.5 27.5 -32.10 
Ashrafi 2012 
[226] 
1 DGEBA/Epon W 83.2 79.9 -3.97 
Zhu 2003 
[12] 
1 
DGEBA/Jeffamine D-230 and 
Jeffamine D-2000 (glassy) 
60.24 60.51 0.45 
Yang 2012 
[154] 
1 DGEBA/IL 76.38 82.67 8.24 This Work 
1 DGEBA/triethylenetetramine 33.4 37.5 12.28 
Yan 2012 
[46] 
1 DGEBA/triethylenetetramine 33.4 37.5 12.28 
Zhao 2012 
[193] 
1 
DGEBA/Epon W/COOH funct. 
SWNTs 
83.2 95 14.18 
Zhu 2003 
[12] 
1 Epon 862- injected 64.7 74.3 14.84 
Farahani 
2012 [228] 
1 DGEBA/IL/SWNT-NH2 76.38 91.11 19.29 This Work 
1 
DGEBA/Jeffamine D-230 and 
Jeffamine D2000 (rubbery) 
0.828 0.995 20.17 
Yang 2012 
[154] 
1 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
perpendicular 
7 9 28.57 
Wang 2008 
[147] 
1 
BP A-epichlorohydrin/modified 
polyamine/random 
8 10.5 31.25 
Wang 2008 
[147] 
1 
DGEBA/triethylenetetramine/n
on-cov. Funct. with 2-epoxide 
containing pyrene derivative 
33.4 44.2 32.34 
Zhao 2012 
[193] 
1 
DGEBA/triethylenetetramine 
AmPy-12 funct. SWNT 
33.4 46.1 38.02 
Yan 2012 
[46] 
1 
Diglycidyl 
methacrelate/benzoyl 
peroxide/epoxide grafted 
SWNTs 
73 102 39.73 
Wang 2008 
[147] 
1 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
parallel 
8 12.5 56.25 
Wang 2008 
[147] 
2 DGEBA/IL 76.38 89.91 17.71 This Work 
2 DGEBA/IL/SWNT-NH2 76.38 90.67 18.71 This Work 
3 
BP A-epichlorohydrin/modified 
polyamine/random 
8 12.1 51.25 
Wang 2008 
[147] 
4 
DGEBA/Jeffamine D-230 and 
Jeffamine D2000 (glassy) 
60.24 60.68 0.73 
Yang 2012 
[154] 
4 
DGEBA/Jeffamine D-230 and 
Jeffamine D2000 (rubbery) 
0.828 1.43 72.71 
Yang 2012 
[154] 
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5 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
perpendicular 
7 6 -14.29 
Wang 2008 
[147] 
5 DGEBA/IL 76.38 91.24 19.46 This Work 
5 DGEBA/IL/SWNT-NH2 76.38 92.47 21.07 This Work 
5 
BP A-epichlorohydrin/modified 
polyamine/random 
8 13 62.50 
Wang 2008 
[147] 
5 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
parallel 
8 27 237.50 
Wang 2008 
[147] 
7 
BP A-epichlorohydrin/modified 
polyamine/random 
8 13.1 63.75 
Wang 2008 
[147] 
10 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
perpendicular 
7 5 -28.57 
Wang 2008 
[147] 
10 
BP A-epichlorohydrin/modified 
polyamine/SWNTs aligned, 
parallel 
8 36 350.00 
Wang 2008 
[147] 
39.1 DGEBA 610/amine hardener 30 84.83 182.77 
Feng 2011 
[66] 
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Table B.4: MWNT-Epoxy composite Ultimate Tensile Strength (UTS) enhancements presented in 
literature. Rows not highlighted contain unmodified, pristine MWNTs, rows highlighted blue 
used functionalized nanotubes (covalent and non-covalent functionalization), and rows 
highlighted in yellow are results of this work.   
 
MWNT 
wt% 
Epoxy Matrix 
UTS 
matrix 
(MPa) 
UTS 
composite 
(MPa) 
% 
change 
Reference 
0.01 DGEBA/IL/MWNT-NH2 76.38 72.8 -4.69 This Work 
0.01 DGEBA/IL 76.38 76.11 -0.35 This Work 
0.02 
DGEBF/diethyl toluene 
diamine 
73.39 73.06 -0.45 
Chen 2009 
[235] 
0.05 
DGEBF/diethyl toluene 
diamine 
73.39 72.2 -1.62 
Chen 2009 
[235] 
0.05 DGEBA/IL/MWNT-NH2 76.38 71.81 -5.98 This Work 
0.05 DGEBA/IL 76.38 77.63 1.64 This Work 
0.05 
System 2000 epoxy resin/2120 
epoxy hardener 
55 59 7.27 
Yavari 2012 
[221] 
0.1 DGEBA/IL/MWNT-NH2 76.38 70.59 -7.58 This Work 
0.1 DGEBA/IL 76.38 74.39 -2.61 This Work 
0.1 
DGEBA/H137i (unknown 
amine hardener)/DWNTs 
63.8 62.4 -2.19 
Gojny 2004 
[106] 
0.1 
DGEBA/H137i (unknown 
amine hardener)/DWNTs 
63.8 62.43 -2.15 
Gojny 2005 
[153] 
0.1 
Araldite LY564/Aradur 
HY560 1 h sonication 
71 69.5 -2.11 
Montazeri 
2011 [237] 
0.1 
DGEBA/H137i (unknown 
amine hardener) 
63.8 62.97 -1.30 
Gojny 2005 
[153] 
0.1 
DGEBA/H137i (unknown 
amine hardener)/DWNTs-NH2 
63.8 63.5 -0.47 
Gojny 2004 
[106] 
0.1 
DGEBA/H137i (unknown 
amine hardener)/DWNTs-NH2 
63.8 63.62 -0.28 
Gojny 2005 
[153] 
0.1 
DGEBA/H137i (unknown 
amine hardener)/MWNTs-NH2 
63.8 64.67 1.36 
Gojny 2005 
[153] 
0.1 Epon 862/Epikure W 88 90.3 2.61 
Gu 2013 
[204] 
0.1 
Araldite LY564/Aradur 
HY560 
64 67 4.69 
Montazeri 
2010 [157] 
0.1 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
64 67 4.69 
Montazeri 
2010 [157] 
0.1 
Epoxy resin ML-
520/triethylenetetramine 
62.5 65.7 5.12 
Alishahi 
2013 [238] 
0.1 
Epoxy polysulfide 
resin/aliphatic amine 
4.95 5.24 5.86 
Hadavand 
2013 [152] 
0.1 
Acid functionalized nanotubes, 
epoxy polysulfide 
4.95 5.29 6.87 
Hadavand 
2013 [152] 
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resin/aliphatic amine 
0.1 
Epon 862/Epikure W/PANI-
funct. MWNTs 
88 98.6 12.05 
Gu 2013 
[204] 
0.1 
System 2000 epoxy resin/2120 
epoxy hardener 
55 63 14.55 
Yavari 2012 
[221] 
0.1 Epon 815/polyetheramine 1 1.18 18.00 
Fidelus 
2005 [218] 
0.15 
Poly(hydroxyethyl 
methacrylate)-Coated 
MWNTs, Epon 
8111/ancamine TETA 
0.053 0.061 15.09 
Curtzwiler 
2013 [239] 
0.15 
Epon 862/Epikure W/PANI-
funct. MWNTs 
88 106.1 20.57 
Gu 2013 
[204] 
0.2 
DGEBF/diethyl toluene 
diamine 
73.39 73.08 -0.42 
Chen 2009 
[235] 
0.2 
Epoxy polysulfide 
resin/aliphatic amine 
4.95 4.89 -1.21 
Hadavand 
2013 [152] 
0.2 
Acid functionalized nanotubes, 
epoxy polysulfide 
resin/aliphatic amine 
4.95 5.35 8.08 
Hadavand 
2013 [152] 
0.2 
DGEBF/diethyl toluene 
diamine 
84.9 120.48 41.91 
Yang 2012 
[240] 
0.25 
DGEBA/TETA/acid-treated 
MWNTs 
68 30 -55.88 
Li 2008 
[160] 
0.25 Epikote 828/polyamines 62.26 47.37 -23.92 
Bellucci 
2011 [242] 
0.25 DGEBA/ethane-1,2-diamine 68 62 -8.82 
Li 2008 
[160] 
0.25 
DGEBA/TETA/TETA-mod 
MWNTs 
68 63 -7.35 
Li 2008 
[160] 
0.25 
LY-5052 epoxy/HY-5052 
hardener 
64.512 68.23 5.76 
Omidi 2010 
[156] 
0.3 
Epoxy polysulfide 
resin/aliphatic amine 
4.95 4.36 -11.92 
Hadavand 
2013 [152] 
0.3 
DGEBA/H137i (unknown 
amine hardener) 
63.8 63.17 -0.99 
Gojny 2005 
[153] 
0.3 
DGEBA/H137i (unknown 
amine hardener)/MWNTs-NH2 
63.8 63.64 -0.25 
Gojny 2005 
[153] 
0.3 
DGEBA/H137i (unknown 
amine hardener)/DWNTs-NH2 
63.8 67.02 5.05 
Gojny 2005 
[153] 
0.3 Epon 862/Epikure W 88 92.9 5.57 
Gu 2013 
[204] 
0.3 
DGEBA/H137i (unknown 
amine hardener)/DWNTs 
63.8 67.77 6.22 
Gojny 2005 
[153] 
0.3 
Acid functionalized nanotubes, 
epoxy polysulfide 
resin/aliphatic amine 
4.95 8.83 78.38 
Hadavand 
2013 [152] 
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0.3 
Epon 862/Epikure W/PANI-
funct. MWNTs 
88 116.1 31.93 
Gu 2013 
[204] 
0.5 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener 
51 38 -25.49 
Chen 2006 
[161] 
0.5 
DGEBA/TETA/acid-treated 
MWNT 
68 53 -22.06 
Li 2008 
[160] 
0.5 DGEBA/IL/MWNT-NH2 76.38 65.46 -14.30 This Work 
0.5 DGEBA/ethane-1,2-diamine 68 59 -13.24 
Li 2008 
[160] 
0.5 Epikote 828/polyamines 62.26 58.22 -6.49 
Bellucci 
2011 [242] 
0.5 Epikote 862/DMP-30 catalyst 80.4 76.9 -4.35 
Yang 2012 
[243] 
0.5 
Unspecified, diamino funct. 
MWNTs (Di) 
73 70 -4.11 
Zhao 2010 
[241] 
0.5 
DGEBA/H137i (unknown 
amine hardener) 
63.8 61.52 -3.57 
Gojny 2005 
[153] 
0.5 
Unspecified, diamino funct. 
MWNTs (XD) 
73 71 -2.74 
Zhao 2010 
[241] 
0.5 DGEBA/IL 76.38 74.43 -2.55 This Work 
0.5 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/MWNTs-COOH 
51 50 -1.96 
Chen 2006 
[161] 
0.5 
DGEBA/H137i (unknown 
amine hardener)/MWNTs-NH2 
63.8 64.27 0.74 
Gojny 2005 
[153] 
0.5 
DGEBF/diethyl toluene 
diamine 
73.39 74.4 1.38 
Chen 2009 
[235] 
0.5 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=50 µm 
31 32 3.23 
Bai 2003 
[159] 
0.5 
DGEBA/H137i (unknown 
amine hardener)/DWNTs 
63.8 67.66 6.05 
Gojny 2005 
[153] 
0.5 
Araldite LY564/Aradur 
HY560 
64 69 7.81 
Montazeri 
2010 [157] 
0.5 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/DGEBA-MWNTs 
51 55 7.84 
Chen 2006 
[161] 
0.5 
Epoxy resin ML-
520/triethylenetetramine 
62.5 67.5 8.00 
Alishahi 
2013 [238] 
0.5 
DGEBA/H137i (unknown 
amine hardener)/DWNTs-NH2 
63.8 69.13 8.35 
Gojny 2005 
[153] 
0.5 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
64 71 10.94 
Montazeri 
2010 [157] 
0.5 
Epikote 862/DMP-30 
catalyst/ED-MWNT 
80.4 89.3 11.07 
Yang 2012 
[243] 
0.5 
LY-5052 epoxy/HY-5052 
hardener 
64.512 73.05 13.23 
Omidi 2010 
[156] 
0.5 Epon 815/polyetheramine 1 1.14 14.00 Fidelus 
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2005 [218] 
0.5 DGEBA/diethylene triamine 58.9 69.1 17.32 
Martin-
Gallego 
2013 [174]  
0.5 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=1 µm 
31 37 19.35 
Bai 2003 
[159] 
0.5 
Epikote 862/DMP-30 
catalyst/DA-MWNT 
80.4 98.8 22.89 
Yang 2012 
[243] 
0.5 
Unspecified, diamino funct. 
MWNTs (BOC) 
73 91 24.66 
Zhao 2010 
[241] 
0.5 
DGEBA/diethylene 
triamine/oxidized MWNTs 
58.9 75.4 28.01 
Martin-
Gallego 
2013 [174] 
0.5 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=10 µm 
31 41 32.26 
Bai 2003 
[159] 
0.5 
DGEBA/TETA/TETA-mod 
MWNTs 
68 90 32.35 
Li 2008 
[160] 
0.5 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/PGE-MWNTs 
51 73 43.14 
Chen 2006 
[161] 
0.5 
Epoxy resin E-44/curing agent 
EMI-2,4; polyaniline grafted 
MWNTs 
35 52 48.57 
Xu 2012 
[244] 
0.5 
DGEBF/diethyl toluene 
diamine 
84.9 134.19 58.06 
Yang 2012 
[240] 
0.5 
DGEBA/ 
Diaminophenylsulfone 
16.92 27.85 64.60 
Yuen 2008 
[158] 
0.5 
DGEBA/Diaminophenylsulfon
e/TiO2-MWNTs 
16.92 36.53 115.90 
Yuen 2008 
[158] 
0.6 
Epon 828/triethylamine/silane-
modified MWNTs 
6.6 8.5 28.79 
Wu 2010 
[245] 
0.7 
Epon 862/Epikure W/PANI-
funct. MWNTs 
88 154.1 75.11 
Gu 2013 
[204] 
0.75 DGEBA/ethane-1,2-diamine 68 53 -22.06 
Li 2008 
[160] 
0.75 Epikote 828/polyamines 62.26 53.8 -13.59 
Bellucci 
2011 [242] 
0.75 
DGEBA/TETA/TETA-mod. 
MWNTs 
68 63 -7.35 
Li 2008 
[160] 
0.75 
DGEBA/TETA/acid-treated 
MWNTs 
68 73 7.35 
Li 2008 
[160] 
0.75 DGEBA/diethylene triamine 58.9 72.1 22.41 
Martin-
Gallego 
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2013 [174] 
0.8 
Epon 828/ 
triethylamine/silane-modified 
MWNTs 
6.6 8.5 28.79 
Wu 2010 
[245] 
1 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener 
51 39 -23.53 
Chen 2006 
[161] 
1 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=50 µm 
31 24 -22.58 
Bai 2003 
[159] 
1 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/MWNTs-COOH 
51 42 -17.65 
Chen 2006 
[161] 
1 Epikote 828/polyamines 62.26 54.43 -12.58 
Bellucci 
2011 [242] 
1 DGEBA/IL 76.38 72.93 -4.52 This Work 
1 Epoxy 6620/hardener AH150 34.98 34.1 -2.52 
Her 2012 
[250] 
1 
DGEBF/diethyl toluene 
diamine 
73.39 71.58 -2.47 
Chen 2009 
[235] 
1 
Epon 828/mPDA/small diam 
MWNTs 
47.3 46.4 -1.90 
Hernandez-
Perez 2008 
[246] 
1 Epon 828/Jeffamine t-403 64.67 63.99 -1.05 
Liu 2005 
[247] 
1 
Epon 828/Jeffamine t-
403/carboxyl grafted MWNTs 
64.67 64.05 -0.96 
Liu 2005 
[247] 
1 
Epon 828/mPDA/large diam 
MWNTs 
47.3 47.9 1.27 
Hernandez-
Perez 2008 
[246] 
1 
DGEBA/H137i (unknown 
amine hardener)/DWNTs-NH2 
63.8 64.9 1.72 
Gojny 2004 
[106] 
1 
Poly(hydroxyethyl 
methacrylate)-Coated mwnts, 
epon 8111/ancamine TETA 
0.053 0.054 1.89 
Curtzwiler 
2013 [239] 
1 
DGEBA/Jeffamine D-230&D-
2000 (glassy) 
60.24 61.53 2.14 
Yang 2012 
[154] 
1 DGEBA/IL/MWNT-NH2 76.38 78.69 3.02 This Work 
1 
Araldite LY-556/hardener HY-
917/accelerator DY-070 
43 45 4.65 
Srivastava 
2012 [254] 
1 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=10 µm 
31 33 6.45 
Bai 2003 
[159] 
1 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=1 µm 
31 33 6.45 
Bai 2003 
[159] 
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1 
BP A-
epichlorohydrin/modified 
polyamine 
45.5 50 9.89 
Yeh 2008 
[251] 
1 
Araldite LY564/Aradur 
HY560 
64 71 10.94 
Montazeri 
2010 [157] 
1 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/DGEBA-MWNTs 
51 58 13.73 
Chen 2006 
[161] 
1 
DGEBA/ 
Diaminophenylsulfone 
16.92 19.48 15.13 
Yuen 2008 
[158] 
1 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
64 74 15.63 
Montazeri 
2010 [157] 
1 
LY-5052 epoxy/HY-5052 
hardener 
64.512 78.11 21.08 
Omidi 2010 
[156] 
1 
Epon 862/epikure w/PANI-
funct MWNTs 
88 108.4 23.18 
Gu 2013 
[204] 
1 
DGEBA/Jeffamine D-230&D-
2000 (rubbery) 
0.828 1.07 29.23 
Yang 2012 
[154] 
1 
Diglycidyl ether of 
polypropylene 
glycol/triethylenetetramine 
0.44 0.57 29.55 Li 2004 [53] 
1 
DGEBA YD-
128/poly(aminoamine) 
48 64.5 34.38 
Shanmugha-
raj 2011 
[252] 
1 
DGEBF/diethyl toluene 
diamine 
84.9 117.44 38.33 
Yang 2012 
[240] 
1 Epon 828/Jeffamine D-2000 0.48 0.67 39.58 
Liu 2005 
[247] 
1 
Epon 828/triethylamine/silane-
modified MWNTs 
6.6 9.3 40.91 
Wu 2010 
[245] 
1 
DGEBA YD-
128/poly(aminoamine)/ 
phenol-anchored MWNTs 
48 71 47.92 
Shanmugha-
raj 2011 
[252] 
1 
Epoxy resin E-44/curing agent 
EMI-2,4; polyaniline grafted 
MWNTs 
35 54 54.29 
Xu 2012 
[244] 
1 
DGEBA/TH432 (aromatic 
amine) 
26 42 61.54 
Kim 2006 
[248] 
1 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/PGE-MWNTs 
51 83 62.75 
Chen 2006 
[161] 
1 Epoxy system E120-H100 25.67 42.64 66.11 
Yu 2008 
[253] 
1 
DGEBA/TH432 (aromatic 
amine)/acid treated MWNTs 
26 44 69.23 
Kim 2006 
[248] 
234 
 
1 
DGEBA/TH432 (aromatic 
amine)/MWNTs-NH2 
26 47 80.77 
Kim 2006 
[248] 
1 
DGEBA/ 
Diaminophenylsulfone/TiO2-
MWNTs 
16.92 31.04 83.45 
Yuen 2008 
[158] 
1 
Epon 828/Jeffamine D-
2000/carboxyl grafted 
MWNTs 
0.48 0.98 104.17 
Liu 2005 
[247] 
1 
DGEBA/TH432 (aromatic 
amine)/plasma treated 
MWNTs 
26 58 123.08 
Kim 2006 
[248] 
1 DGEBA/TETA 1 3 200.00 
Allaoui 
2002 [149] 
1.5 
Araldite LY564/Aradur 
HY560 
64 74 15.63 
Montazeri 
2010 [157] 
1.5 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
64 77.5 21.09 
Montazeri 
2010 [157] 
1.5 
LY-5052 epoxy/HY-5052 
hardener 
64.512 85.01 31.77 
Omidi 2010 
[156] 
2 
DGEBF/diethyl toluene 
diamine 
73.39 68.83 -6.21 
Chen 2009 
[235] 
2 Epoxy 6620/hardener AH150 34.98 37 5.77 
Her 2012 
[250] 
2 
Araldite LY-556/hardener HY-
917/accelerator DY-070 
43 48 11.63 
Srivastava 
2012 [254] 
2 
BP A-
epichlorohydrin/modified 
polyamine 
45.5 52.5 15.38 
Yeh 2008 
[251] 
2 
Araldite LY564/Aradur 
HY560 
64 75 17.19 
Montazeri 
2010 [157] 
2 
DGEBA/(2-ethylic-4-methyl 
imidazole)/acid treated 
MWNTs 
43 52 20.93 
Guo 2007 
[255] 
2 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
64 78.5 22.66 
Montazeri 
2010 [157] 
2 
RenGel SW 5200/Ren HY 
5212 
34.98 47.68 36.31 
Karapappas 
2011 [256] 
2 
DGEBA YD-
128/poly(aminoamine) 
48 65.5 36.46 
Shanmugha-
raj 2011 
[252] 
2 
LY-5052 epoxy/HY-5052 
hardener 
64.512 89.412 38.60 
Omidi 2010 
[156] 
2 
DGEBA YD-
128/poly(aminoamine)/phenol-
anchored MWNTs 
48 72 50.00 
Shanmughar
aj 2011 
[252] 
2 Epoxy system E120-H100 25.67 46.03 79.31 
Yu 2008 
[253] 
235 
 
2.5 
DGEBF/diethyl toluene 
diamine 
84.9 78.66 -7.35 
Yang 2012 
[240] 
3 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/MWNTs-COOH 
51 26 -49.02 
Chen 2006 
[161] 
3 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener 
51 33 -35.29 
Chen 2006 
[161] 
3 
Araldite LY564/Aradur 
HY560 
64 71 10.94 
Montazeri 
2010 [157] 
3 
BP A-
epichlorohydrin/modified 
polyamine 
45.5 53 16.48 
Yeh 2008 
[251] 
3 
Araldite LY564/Aradur 
HY560/acid-treated MWNTs 
64 80 25.00 
Montazeri 
2010 [157] 
3 
Araldite LY-556/hardener HY-
917/accelerator DY-070 
43 60 39.53 
Srivastava 
2012 [254] 
3 
DGEBA YD-
128/poly(aminoamine) 
48 67 39.58 
Shanmugha-
raj 2011 
[252] 
3 
LY-5052 epoxy/HY-5052 
hardener 
64.512 100.102 55.17 
Omidi 2010 
[156] 
3 
DGEBA YD-
128/poly(aminoamine)/ 
phenol-anchored MWNTs 
48 80 66.67 
Shanmughar
aj 2011 
[252] 
3 Epoxy system E120-H100 25.67 48.02 87.07 
Yu 2008 
[253] 
3 
DGEBA homopolymer with 4-
dimethylamino pyridine 
hardener/DGEBA-MWNTs 
51 110 115.69 
Chen 2006 
[161] 
4 
DGEBA/Jeffamine D-230&D-
2000 (glassy) 
60.24 58.03 -3.67 
Yang 2012 
[154] 
4 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=1 µm 
31 32 3.23 
Bai 2003 
[159] 
4 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=50 µm 
31 33 6.45 
Bai 2003 
[159] 
4 
BP A-
epichlorohydrine/triethylenetet
ramine ℓ=10 µm 
31 33 6.45 
Bai 2003 
[159] 
4 
BP A-
epichlorohydrin/modified 
polyamine 
45.5 52.7 15.82 
Yeh 2008 
[251] 
4 
DGEBA/Jeff D230&D2000 
rubbery 
0.828 1.11 34.06 
Yang 2012 
[154] 
236 
 
4 
DGEBA/(2-ethylic-4-methyl 
imidazole)/acid treated 
MWNTs 
43 61 41.86 
Guo 2007 
[255] 
4 
LY-5052 epoxy/HY-5052 
hardener 
64.512 104.5 61.99 
Omidi 2010 
[156] 
4 Epoxy system E120-H100 25.67 51.1 99.07 
Yu 2008 
[253] 
4 DGEBA/TETA 1 6 500.00 
Allaoui 
2002 [149] 
5 
BP A/triethylenetetramine/cup 
stacked CNTs 
66 69 4.55 
Choi 2005 
[257] 
5 
BP A-
epichlorohydrin/modified 
polyamine 
45.5 52.7 15.82 
Yeh 2008 
[251] 
5 
BP 
A/triethylenetetramine/ozone 
treated cup stacked CNTs 
66 77 16.67 
Choi 2005 
[257] 
5 
BP A-
epichlorohydrin/modified 
polyamine 
50 79 58.00 
Chang 2005 
[258] 
5 Epoxy system E120-H100 25.67 52.89 106.04 
Yu 2008 
[253] 
6 
DGEBA/(2-ethylic-4-methyl 
imidazole)/acid treated 
MWNTs 
43 62 44.19 
Guo 2007 
[255] 
6 
LY-5052 epoxy/HY-5052 
hardener 
64.512 108.2 67.72 
Omidi 2010 
[156] 
8 
DGEBA/(2-ethylic-4-methyl 
imidazole)/acid treated 
MWNTs 
43 70 62.79 
Guo 2007 
[255] 
8 
LY-5052 epoxy/HY-5052 
hardener 
64.512 109 68.96 
Omidi 2010 
[156] 
10 
BP A/triethylenetetramine/cup 
stacked CNTs 
66 54 -18.18 
Choi 2005 
[257] 
10 
BP 
A/triethylenetetramine/ozone 
treated cup stacked CNTs 
66 62 -6.06 
Choi 2005 
[257] 
10 
BP A-
epichlorohydrin/modified 
polyamine 
50 73 46.00 
Chang 2005 
[258] 
10 
LY-5052 epoxy/HY-5052 
hardener 
64.512 110.1 70.67 
Omidi 2010 
[156] 
20 
BP 
A/triethylenetetramine/ozone 
treated cup stacked CNTs 
66 49 -25.76 
Choi 2005 
[257] 
20 
BP A/triethylenetetramine/cup 
stacked CNTs 
66 45 -31.82 
Choi 2005 
[257] 
 
 
2
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Table B.5: SWNT-Epoxy and MWNT-Epoxy composite Fracture Toughness (FT) enhancements presented in literature. Rows not highlighted contain 
unmodified, pristine nanotubes, rows highlighted blue used functionalized nanotubes (covalent and non-covalent functionalization), and rows 
highlighted in yellow are results of this work.   
 
wt% 
CNT 
CNT type Epoxy Matrix Method 
K1C 
matrix 
(MPa/m2) 
K1C 
composite 
(MPa/m2) 
% 
Incr. 
Agglom 
Size 
Fracture 
mechanism 
Reference 
0.01 MWNT DGEBA/IL CT 1.042 1.239 18.91 
100-300 
nm 
pullout This Work 
0.01 
SWNT-
NH2 
DGEBA/IL CT 1.042 1.319 26.58 
50-100 
nm 
pullout/CNT 
fracture 
This Work 
0.01 
MWNT-
NH2 
DGEBA/IL CT 1.042 1.367 31.19 
100-300 
nm 
pullout/CNT 
fracture 
This Work 
0.01 SWNT DGEBA/IL CT 1.042 1.373 31.77 
50-100 
nm 
pullout This Work 
0.05 SWNT 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.72 10.77 50 nm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.05 MWNT DGEBA/IL CT 1.042 1.319 26.58 
100-300 
nm 
pullout This Work 
0.05 
MWNT-
NH2 
DGEBA/IL CT 1.042 1.417 35.99 
100-300 
nm 
pullout/CNT 
fracture 
This Work 
0.05 SWNT DGEBA/IL CT 1.042 1.421 36.37 
50-100 
nm 
pullout This Work 
0.05 
SWNT-
NH2 
DGEBA/IL CT 1.042 1.435 37.72 
50-100 
nm 
pullout/CNT 
fracture 
This Work 
0.06 
SWNT-
reduced 
TGAP/DDS SENB 1.1 1.3 18.18 >5 µm 
pullout/CNT 
fracture 
Martinez-
Rubi 2011 
[163] 
0.06 SWNT- Araldite MY0510/Aradur SENB 1.09 1.31 20.18 35-46 nm nanotube crazing Ashrafi 2013 
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8 
reduced HT 976 [223] 
0.07 MWNT DGEBA/DDS SENB 0.35 0.46 31.43 600 nm pullout 
Jyotishka-
mur 2013 
[264] 
0.1 
MWNT-
oxidized 
DGEBA/ 
polyamidoamine 
CT 1.85 1.8 -2.703 >5 µm pullout 
Lee 2011 
[187] 
0.1 
MWNT-
silane 
DGEBA/ 
polyamidoamine 
CT 1.85 1.75 -5.41 >5 µm pullout 
Lee 2011 
[187] 
0.1 MWNT 
DGEBF (ML-
506)/polyamine (HA-11) 
SENB 1.62 1.86 14.81 1 µm 
pullout/CNT 
fracture 
Ayatollahi 
2011 [33] 
0.1 DWNT 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.76 16.92 1 µm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.1 
DWNT-
NH2 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.77 18.46 
100-200 
nm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.1 SWNT DGEBA/IL CT 1.042 1.235 18.52 
50-100 
nm 
pullout This Work 
0.1 MWNT 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.79 21.54 <50 nm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.1 SWNT 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.8 23.08 50 nm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.1 MWNT 
DGEBA 
(LY556)/anhydride 
(HE600) 
SENB 0.69 0.85 23.19 5-10 µm bridging/pullout 
Hsieh 2011 
[236] 
0.1 
MWNT-
NH2 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.81 24.62 <50 nm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.1 MWNT DGEBA/IL CT 1.042 1.32 26.68 
100-300 
nm 
pullout This Work 
0.1 SWNT TGAP/DDS SENB 0.6 0.78 30.00 no SEM no discussion Guan 2011 
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[162]  
0.1 
SWNT-
NH2 
DGEBA/IL CT 1.042 1.443 38.48 
50-100 
nm 
pullout/CNT 
fracture 
This Work 
0.1 
MWNT-
NH2 
DGEBA/IL CT 1.042 1.455 39.64 
100-300 
nm 
pullout/CNT 
fracture 
This Work 
0.1 MWNT 
Epikote 828LVEL/Epikure 
3402/homogenizer 
SENB 0.5 0.81 62.00 500 nm 
crack 
bridging/pullout 
Hollertz 
2011 [127] 
0.1 MWNT 
Epikote 828LVEL/Epikure 
3402/3RM 
SENB 0.5 0.84 68.00 500 nm 
crack 
bridging/pullout 
Hollertz 
2011 [127] 
0.1 MWNT 
Epikote 828LVEL/Epikure 
3402/homogenizer and 
3RM 
SENB 0.5 0.91 82.00 500 nm 
crack 
bridging/pullout 
Hollertz 
2011 [127] 
0.12 
SWNT-
reduced 
TGAP/DDS SENB 1.1 1.4 27.27 5-10 µm 
pullout/CNT 
fracture 
Martinez-
Rubi 2011 
[163] 
0.15 
MWNT-
ball milled 
two phase SC-15 epoxy SENB 5.6 7.8 39.29 >5 µm pullout 
Ganguli 
2006 [265] 
0.15 
MWNT-
acid 
treated 
two phase SC-15 epoxy SENB 5.6 10 78.57 >5 µm pullout 
Ganguli 
2006 [265] 
0.2 SWNT 
Araldite MY0510/Aradur 
HT 976 
SENB 1.09 1.15 5.50 >100 nm nanotube crazing 
Ashrafi 2013 
[223] 
0.2 MWNT Epon 828/m-PDA 
impact 
fract. 
0.482 0.535 10.99 1-2 µm pullout 
Ma 2009 
[202] 
0.2 SWNT TGAP/DDS SENB 1.1 1.35 22.73 <50 nm 
pullout/CNT 
fracture 
Martinez-
Rubi 2011 
[163] 
0.2 MWNT 
DGEBA 
(LY556)/anhydride 
(HE600) 
SENB 0.69 0.89 28.99 5-10 µm bridging/pullout 
Hsieh 2011 
[236] 
0.2 
SWNT-
reduced 
TGAP/DDS SENB 1.1 1.5 36.36 >5 µm 
pullout/CNT 
fracture 
Martinez-
Rubi 2011 
[163] 
 
2
4
0 
0.2 
SWNT-
reduced 
Araldite MY0510/Aradur 
HT 976 
SENB 1.09 1.51 38.53 35-46 nm nanotube crazing 
Ashrafi 2013 
[223] 
0.2 
SWNT-
fluorinat-
ed 
DGEBF/MTHPA CT 0.54 0.76 40.74 no SEM no discussion 
Miyagawa 
2005 [266] 
0.2 SWNT TGAP/DDS SENB 0.6 0.96 60.00 no SEM no discussion 
Guan 2011 
[162] 
0.22 MWNT DGEBA/DDS SENB 0.35 0.48 37.14 600 nm pullout 
Jyotishka-
mur 2013 
[264] 
0.25 
MWNT-
NH2 
DGEBA/DETDA SENB 0.96 1.07 11.46 250 nm 
crack deflection/ 
bridging 
Srikanth 
2012 [267] 
0.25 MWNT Epon 828/m-PDA 
Izod 
impact 
0.325 0.425 30.77 <50 nm no discussion 
Geng 2008 
[98] 
0.25 
MWNT-
surface 
treated 
Epon 828/m-PDA 
Izod 
impact 
0.325 0.51 56.92 1 µm no discussion 
Geng 2008 
[98] 
0.25 MWNT 
DGEBF/Epikure W/10 µm 
gap in 3RM 
SENB 0.65 1.15 76.92 1 µm pullout 
Thostenson 
2006 [268] 
0.3 MWNT DGEBA/TETA SENB 0.76 0.85 11.84 2 µm pullout 
Mirjalili 
2012 [176] 
0.3 SWNT 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.73 12.31 50 nm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.3 MWNT DGEBA/IPD/N3 SENB 1.13 1.32 16.81 2 µm pullout 
Mirjalili 
2012 [176] 
0.3 
MWNT-
O2, 
random 
LY1564 epoxy/ 
triethylenetetramine 
CT 1.04 1.22 17.31 1-5 µm 
crack 
bridging/pullout 
Khan 2013  
[188] 
0.3 MWNT 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.8 23.08 <50 nm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.3 MWNT- DGEBA (L135i)/amine CT 0.65 0.85 30.77 <50 nm crack deflection Gojny 2005 
 
2
4
1 
NH2 (H137i) at voids, pullout, 
fracture 
[153] 
0.3 DWNT 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.85 30.77 1 µm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.3 MWNT Epon 862/Epikure W SENB 112 149 33.04 1 µm 
cleavage steps 
formed by CNT 
bridging 
Zhou 2009 
[86] 
0.3 
DWNT-
NH2 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.92 41.54 
100-200 
nm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.3 
MWNT-
O2, 
aligned 
LY1564 epoxy/ 
triethylenetetramine 
CT 1.04 1.56 50.00 1-5 µm 
crack 
bridging/pullout 
Khan 2013 
[188] 
0.34 MWNT DGEBA/DETA 
 
0.67 0.8 19.40 
poor 
quality 
SEM 
pullout 
Lachman 
2010 [167] 
0.34 MWNT 
DGEBA/DETA/ 
well dispersed  
0.67 0.86 28.36 
poor 
quality 
SEM 
pullout 
Lachman 
2010 [167] 
0.34 
MWNT-
COOH 
DGEBA/DETA 
 
0.67 0.96 43.28 
poor 
quality 
SEM 
pullout 
Lachman 
2010 [167] 
0.34 
MWNT-
NH2 
DGEBA/DETA 
 
0.67 1.01 50.75 
poor 
quality 
SEM 
pullout 
Lachman 
2010 [167] 
0.34 
MWNT-
NH2 
DGEBA/DETA/ 
well dispersed  
0.67 1.23 83.58 
poor 
quality 
SEM 
pullout 
Lachman 
2010 [167] 
0.37 MWNT DGEBA/DDS SENB 0.35 0.47 34.29 600 nm pullout 
Jyotishka-
mur 2013 
[264] 
0.5 MWNT DGEBA/anhydride/ 
 
0.585 0.63 7.69 1-2 µm bridging/pullout Sumfleth 
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2 
random 2010 [172] 
0.5 SWNT DGEBA/IL CT 1.042 1.179 13.15 
50-100 
nm 
pullout This Work 
0.5 MWNT 
DGEBF/TETD mod w/ 
PES (thermoplastic) at 77K 
SENB 1.78 2.02 13.48 1 µm pullout 
Yang 2012 
[240] 
0.5 MWNT 
DGEBA/anhydride/ 
aligned  
0.585 0.67 14.53 1-2 µm bridging/pullout 
Sumfleth 
2010 [172] 
0.5 MWNT 
DGEBA/ 
triethylenetetramine  
2.1 2.6 23.81 23 nm nanotube crazing 
Alishahi 
2013 [238] 
0.5 MWNT 
DGEBF (ML-
506)/polyamine (HA-11) 
SENB 1.62 2.045 26.23 1 µm 
pullout/CNT 
fracture 
Ayatollahi 
2011 [33] 
0.5 
SWNT-
NH2 
DGEBA/IL CT 1.042 1.329 27.54 
50-100 
nm 
pullout/CNT 
fracture 
This Work 
0.5 MWNT DGEBA/MHHPA CT 0.46 0.59 28.26 300 nm pullout 
Tang 2011 
[189] 
0.5 
MWNT-
NH2 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.84 29.23 <50 nm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.5 DWNT 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.85 30.77 1 µm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
0.5 
MWNT-
NH2 
DGEBA/DETDA SENB 0.96 1.28 33.33 250 nm 
crack deflection/ 
bridging 
Srikanth 
2012 [267] 
0.5 
MWNT-
NH2 
DGEBA/IL CT 1.042 1.437 37.91 
100-300 
nm 
pullout/CNT 
fracture 
This Work 
0.5 
MWNT-
ozone 
DGEBA/MHHPA CT 0.46 0.64 39.13 <50 nm sliding fracture 
Tang 2011 
[189] 
0.5 MWNT 
DGEBA 
(LY556)/anhydride 
(HE600) 
SENB 0.69 0.98 42.03 5-10 µm bridging/pullout 
Hsieh 2011 
[236] 
0.5 
DWNT-
NH2 
DGEBA (L135i)/amine 
(H137i) 
CT 0.65 0.93 43.08 
100-200 
nm 
crack deflection 
at voids, pullout, 
fracture 
Gojny 2005 
[153] 
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3 
0.5 MWNT DGEBA/IL CT 1.042 1.518 45.68 
100-300 
nm 
pullout This Work 
0.5 MWNT 
Epikote 828LVEL/Epikure 
3402 
SENB 0.5 0.9 80.00 1-2 µm crack bridging 
Chatterjee 
2012 [168] 
0.5 MWNT 
Araldite LY 564/Aradur 
2954 
SENB 0.75 2.6 246.67 no SEM no discussion 
Gkikas 2012 
[164] 
0.75 MWNT 
DGEBA/ 
polyoxypropylene 
diamine/sonicated 
SENB 0.33 0.41 24.24 1-2 µm pullout 
Chow 2010 
[269] 
1 SWNT DGEBA/IL CT 1.042 1.216 16.70 
50-100 
nm 
pullout This Work 
1 MWNT 
DGEBF (ML-
506)/polyamine (HA-11) 
SENB 1.62 1.93 19.14 1 µm 
pullout/CNT 
fracture 
Ayatollahi 
2011 [33] 
1 
MWNT-
NH2 
DGEBA/DETDA SENB 0.96 1.21 26.04 250 nm 
crack deflection/ 
bridging 
Srikanth 
2012 [267] 
1 
SWNT-
NH2 
DGEBA/IL CT 1.042 1.331 27.74 
50-100 
nm 
pullout/CNT 
fracture 
This Work 
1 MWNT DER-331/HN-050 CT 0.445 0.575 29.21 <50 nm pullout 
Yu 2008 
[190] 
1 MWNT DGEBA/MHHPA CT 0.46 0.6 30.43 300 nm pullout 
Tang 2011 
[189] 
1 
MWNT-
NH2 
DGEBA/IL CT 1.042 1.512 45.11 
100-300 
nm 
pullout/CNT 
fracture 
This Work 
1 MWNT 
DGEBF/DETDA/ 
polyamide-12 non-cov 
dispersant 
SENB 0.74 1.1 48.65 20 µm 
crack pinning 
near large 
aggregates 
White 2011 
[270] 
1 
MWNT-
ozone 
DGEBA/MHHPA CT 0.46 0.7 52.17 <50 nm sliding fracture 
Tang 2011 
[189] 
1 MWNT DGEBA/IL CT 1.042 1.652 58.54 
100-300 
nm 
pullout This Work 
1 MWNT DGEBF/DETDA SENB 0.52 0.85 63.46 10 µm 
crack pinning 
near large 
aggregates 
White 2011 
[270] 
 
2
4
4 
1 MWNT Epon 828/Epikure W SENS 1.2 4.37 264.17 
poor qual 
SEM 
no discussion 
Hedia 2006 
[165] 
1.25 MWNT 
DGEBA/ 
polyoxypropylene 
diamine/planetary mixer 
SENB 0.26 0.36 38.46 5-10 µm pullout 
Chow 2010 
[269] 
2.5 MWNT Epon 825/Epikure 3140 SENB 1.08 1.35 25.00 1 µm 
crack 
bridging/pullout 
Meguid 2013 
[271] 
3 MWNT DER-331/HN-050 CT 0.445 0.72 61.80 <50 nm pullout 
Yu 2008 
[190] 
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APPENDIX C: LINEAR LEAST SQUARES ANALYSIS FOR 
DETERMINATION OF PERCOLATION MODELS 
 
C.1 SWNT-IL-Epoxy Composite Prepared by Sonication 
Table C.1: Electrical conductivity measurements for SWNT-IL-Epoxy composites prepared by 
sonication. The first column contains nanotube concentration in weight percent, the second 
column contains nanotube concentration in units of volume fraction, the third column contains 
average measured electrical conductivity, and the fourth and fifth columns contain calculations 
necessary for determination of percolation model parameters.  
 
wt% Vf σ (S/m) log (σ) log (fφ-fφc) 
0 0 1.00E-10 -10 
 
0.0025 2.14E-05 1.00E-10 -10 
 
0.005 4.29E-05 4.4E-06 -5.35679 
 
0.01 8.57E-05 2.11E-05 -4.67633 -4.36797 
0.02 0.000171 0.000182 -3.741 -3.89084 
0.03 0.000257 0.000286 -3.54355 -3.66899 
0.04 0.000343 0.000271 -3.56652 -3.52285 
0.05 0.000429 0.000485 -3.3139 -3.4137 
0.1 0.000857 0.001367 -2.86422 -3.08916 
0.2 0.001715 0.003001 -2.52274 -2.77678 
0.3 0.002573 0.001253 -2.90203 -2.59694 
0.5 0.004289 0.000173 -3.76312 -2.37203 
1 0.008584 0.002972 -2.52695 -2.0685 
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Figure C.1: Evaluation of experimentally determined electrical conductivity values as a function 
of nanotube content by linear least squares analysis for determination of percolation model for 
SWNT-IL-Epoxy composite prepared by sonication.  
 
Table C.2: Resulting percolation model parameters for SWNT-IL-Epoxy composites prepared by 
sonication.  
 
fφc (Vf) 4.29E-05 
n 1.3013 
σo 13.68044 
 
247 
 
 
 
C.2 SWNT-IL-Epoxy Composite Prepared by Thinky Conditional 
Planetary Mixer 
Table C.3: Electrical conductivity measurements for SWNT-IL-Epoxy composites prepared by 
the Thinky conditional planetary mixer. The first column contains nanotube concentration in 
weight percent, the second column contains nanotube concentration in units of volume fraction, 
the third column contains average measured electrical conductivity, and the fourth and fifth 
columns contain calculations necessary for determination of percolation model parameters. 
 
wt% Vf σ (S/m) log (σ) log (fφ-fφc) 
0 0 1.00E-10 -10 
 
0.01 8.57E-05 1.63E-08 -7.78658 
 
0.02 0.000171 2.06E-08 -7.68566 
 
0.03 0.000257 2.06E-08 -7.68684 
 
0.04 0.000343 2.39E-08 -7.62212 
 
0.05 0.000429 2.36E-08 -7.62681 
 
0.1 0.000857 3.52E-08 -7.45404 
 
0.2 0.001715 3.17E-06 -5.4994 
 
0.3 0.002573 0.000128 -3.89265 -3.06664 
0.5 0.004289 0.000311 -3.50774 -2.58939 
1 0.008584 0.001692 -2.7716 -2.16311 
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Figure C.2: Evaluation of experimentally determined electrical conductivity values as a function 
of nanotube content by linear least squares analysis for determination of percolation model for 
SWNT-IL-Epoxy composite prepared by Thinky conditioning planetary mixer.  
 
Table C.4: Resulting percolation model parameters for SWNT-IL-Epoxy composites prepared by 
Thinky conditioning planetary mixer. 
 
fφc (Vf) 0.001715 
n 2.6884 
σo 1196.465003 
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C.3 SWNT-IL-Epoxy Composite Prepared by Three Roll Mill Using a 20 
µm Gap, Series 1 
Table C.5: Electrical conductivity measurements for SWNT-IL-Epoxy composites prepared by 
the three roll mill using a 20 µm gap (Series 1). The first column contains nanotube concentration 
in weight percent, the second column contains nanotube concentration in units of volume fraction, 
the third column contains average measured electrical conductivity, and the fourth and fifth 
columns contain calculations necessary for determination of percolation model parameters. 
 
wt% Vf σ (S/m) log (σ) log (fφ-fφc) 
0 0 1.00E-10 -10 
 
0.0025 2.14E-05 1.00E-10 -10 
 
0.005 4.29E-05 1.00E-10 -10 
 
0.01 8.57E-05 1.00E-08 -8 
 
0.02 0.000171 2.01E-06 -5.69652 
 
0.03 0.000257 7.34E-06 -5.13421 -4.06692 
0.04 0.000343 0.000136 -3.8651 -3.76588 
0.05 0.000429 0.00045 -3.34702 -3.58978 
0.1 0.000857 0.007054 -2.15156 -3.16378 
0.2 0.001715 0.033516 -1.47475 -2.81154 
0.3 0.002573 0.111448 -0.95293 -2.61959 
0.5 0.004289 0.309633 -0.50915 -2.38538 
1 0.008584 1.674918 0.223993 -2.07509 
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Figure C.3: Evaluation of experimentally determined electrical conductivity values as a function 
of nanotube content by linear least squares analysis for determination of percolation model for 
SWNT-IL-Epoxy composite prepared by the three roll mill using a 20 µm gap (Series 1).  
 
Table C.6: Resulting percolation model parameters for SWNT-IL-Epoxy composites prepared by 
the three roll mil using a 20 µm gap (Series 1).  
 
fφc (Vf) 0.000171 
n 2.595 
σo 588301.6 
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C.4 SWNT-IL-Epoxy Composite Prepared by Three Roll Mill Using a 20 
µm Gap, Series 2 
Table C.7: Electrical conductivity measurements for SWNT-IL-Epoxy composites prepared by 
the three roll mill using a 20 µm gap (Series 2). The first column contains nanotube concentration 
in weight percent, the second column contains nanotube concentration in units of volume fraction, 
the third column contains average measured electrical conductivity, and the fourth and fifth 
columns contain calculations necessary for determination of percolation model parameters. 
 
wt% Vf σ (S/m) log (σ) log (fφ-fφc) 
0 0 1.00E-10 -10 
 
0.0025 2.14E-05 1.00E-10 -8 
 
0.005 4.29E-05 1.00E-08 -5.05351 
 
0.01 8.57E-05 8.84E-06 -5.05351 
 
0.02 0.000171 2.85E-05 -4.54569 -4.06693 
0.03 0.000257 8.3E-05 -4.08114 -3.76589 
0.04 0.000343 0.000105 -3.97863 -3.58979 
0.05 0.000429 0.00052 -3.28432 -3.46485 
0.1 0.000857 0.003956 -2.40273 -3.11264 
0.2 0.001715 0.042201 -1.37467 -2.78806 
0.3 0.002573 0.110748 -0.95566 -2.60436 
0.5 0.004289 0.251381 -0.59967 -2.37643 
1 0.008584 2.060349 0.313941 -2.07068 
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Figure C.4: Evaluation of experimentally determined electrical conductivity values as a function 
of nanotube content by linear least squares analysis for determination of percolation model for 
SWNT-IL-Epoxy composite prepared by the three roll mill using a 20 µm gap (Series 2). 
 
 
Table C.8: Resulting percolation model parameters for SWNT-IL-Epoxy composites prepared by 
the three roll mil using a 20 µm gap (Series 2). 
 
fφc (Vf) 8.57155E-05 
n 2.561 
σo 399300.6342 
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C.5 Amine-Cured SWNT-Epoxy Composite Prepared by Three Roll Mill 
Using a 20 µm Gap 
 
Table C.9: Electrical conductivity measurements for amine-cured SWNT-Epoxy composites 
prepared by the three roll mill using a 20 µm gap. The first column contains nanotube 
concentration in weight percent, the second column contains nanotube concentration in units of 
volume fraction and the third column contains average measured electrical conductivity. 
 
wt% Vf σ (S/m) 
0 0 1.00E-10 
0.4 0.003429 1.00E-10 
0.5 0.004289 0.000676 
1 0.008584 0.012948 
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C.6 SWNT-IL-Epoxy Composite Prepared by Three Roll Mill Using a 6.5 
µm Gap 
Table C.10: Electrical conductivity measurements for SWNT-IL-Epoxy composites prepared by 
the three roll mill using a 6.5 µm gap. The first column contains nanotube concentration in weight 
percent, the second column contains nanotube concentration in units of volume fraction, the third 
column contains average measured electrical conductivity, and the fourth and fifth columns 
contain calculations necessary for determination of percolation model parameters. 
 
wt% Vf σ (S/m) log (σ) log (fφ-fφc) 
0 0 1.00E-10 -10 
 
0.0025 2.14286E-05 3.84609E-08 -7.41498079 
 
0.003 2.57144E-05 6.27138E-09 -8.20263718 
 
0.004 3.42859E-05 1.05581E-08 -7.97641362 
 
0.005 4.28574E-05 5.2079E-06 -5.28333744 
 
0.01 8.57155E-05 2.81678E-06 -5.55024742 -4.36797 
0.02 0.000171433 7.36897E-05 -4.13259349 -3.89084 
0.03 0.000257154 0.000344302 -3.46306033 -3.66899 
0.04 0.000342877 0.000308821 -3.51029322 -3.52285 
0.05 0.000428602 0.00025513 -3.59323764 -3.4137 
0.1 0.000857265 0.001230333 -2.90997737 -3.08916 
0.2 0.001714776 0.047567761 -1.32268729 -2.77678 
0.3 0.002572531 0.13555706 -0.86787786 -2.59694 
0.5 0.004288778 0.438293187 -0.35823528 -2.37203 
1 0.008583691 1.415727705 0.150979731 -2.0685 
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Figure C.5: Evaluation of experimentally determined electrical conductivity values as a function 
of nanotube content by linear least squares analysis for determination of percolation model for 
SWNT-IL-Epoxy composite prepared by the three roll mill using a 6.5 µm gap. 
 
 
Table C.11: Resulting percolation model parameters for SWNT-IL-Epoxy composites prepared 
by the three roll mil using a 6.5 µm gap. 
 
fφc (Vf) 4.28574E-05 
n 2.5228 
σo 287541.1465 
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C.7 MWNT-IL-Epoxy Composite Prepared by Three Roll Mill Using a 6.5 
µm Gap 
Table C.12: Electrical conductivity measurements for MWNT-IL-Epoxy composites prepared by 
the three roll mill using a 6.5 µm gap. The first column contains nanotube concentration in weight 
percent, the second column contains nanotube concentration in units of volume fraction, the third 
column contains average measured electrical conductivity, and the fourth and fifth columns 
contain calculations necessary for determination of percolation model parameters. 
 
wt% Vf σ (S/m) log (σ) log (fφ-fφc) 
0 0 1.00E-10 -10 
 
0.01 5.71E-05 4.22E-06 -5.37509 
 
0.02 0.000114 0.000134 -3.87263 
 
0.03 0.000171 0.000221 -3.65613 -4.24294 
0.04 0.000229 0.000348 -3.45876 -3.9419 
0.05 0.000286 0.000497 -3.30377 -3.76579 
0.1 0.000572 0.000878 -3.0563 -3.33972 
0.2 0.001144 0.00724 -2.14025 -2.98736 
0.3 0.001716 0.01442 -1.84104 -2.79528 
0.5 0.002863 0.034544 -1.46163 -2.56083 
1 0.005739 0.152291 -0.81733 -2.24991 
 
257 
 
 
 
Figure C.6: : Evaluation of experimentally determined electrical conductivity values as a function 
of nanotube content by linear least squares analysis for determination of percolation model for 
MWNT-IL-Epoxy composite prepared by the three roll mill using a 6.5 µm gap. 
 
Table C.13: Resulting percolation model parameters for MWNT-IL-Epoxy composites prepared 
by the three roll mil using a 6.5 µm gap. 
 
fφc (Vf) 0.000114 
n 1.452 
σo 170.2159 
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C.7 SWNT-NH2-IL-Epoxy Composite Prepared by Three Roll Mill Using a 
6.5 µm Gap 
Table C.14: Electrical conductivity measurements for SWNT-NH2-IL-Epoxy composites prepared 
by the three roll mill using a 6.5 µm gap. The first column contains nanotube concentration in 
weight percent, the second column contains nanotube concentration in units of volume fraction, 
the third column contains average measured electrical conductivity, and the fourth and fifth 
columns contain calculations necessary for determination of percolation model parameters. 
 
 
wt% Vf σ (S/m) log (σ) log (fφ-fφc) 
0 0 1.00E-10 -10 
 
0.005 4.29E-05 3.47E-07 -6.45911 
 
0.01 8.57E-05 1.48E-05 -4.82932 
 
0.02 0.000171 5.33E-05 -4.27339 -3.7659 
0.03 0.000257 0.000148 -3.82998 -3.58981 
0.04 0.000343 0.000619 -3.20817 -3.46486 
0.05 0.000429 0.000289 -3.53862 -3.36795 
0.1 0.000857 0.00102 -2.99146 -3.06688 
0.2 0.001715 0.003773 -2.4233 -2.76579 
0.3 0.002573 0.01418 -1.84833 -2.58964 
0.5 0.004289 0.033816 -1.47088 -2.36767 
1 0.008584 0.094727 -1.02352 -2.06633 
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Figure C.7: Evaluation of experimentally determined electrical conductivity values as a function 
of nanotube content by linear least squares analysis for determination of percolation model for 
SWNT-NH2-IL-Epoxy composite prepared by the three roll mill using a 6.5 µm gap. 
 
 
Table C.15: Resulting percolation model parameters for SWNT-NH2-IL-Epoxy composites 
prepared by the three roll mil using a 6.5 µm gap. 
 
fφc (Vf) 8.57155E-05 
n 1.6202 
σo 189.5396176 
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C.7 SWNT-NH2-IL-Epoxy Composite Prepared by Three Roll Mill Using a 
6.5 µm Gap 
Table C.16: Electrical conductivity measurements for MWNT-NH2-IL-Epoxy composites 
prepared by the three roll mill using a 6.5 µm gap. The first column contains nanotube 
concentration in weight percent, the second column contains nanotube concentration in units of 
volume fraction, the third column contains average measured electrical conductivity, and the 
fourth and fifth columns contain calculations necessary for determination of percolation model 
parameters. 
 
wt% Vf σ (S/m) log (σ) log (fφ-fφc) 
0 0 1.00E-10 -10 
 
0.01 5.71E-05 2.47E-06 -5.60795 
 
0.02 0.000114 1.94E-05 -4.71144 
 
0.03 0.000171 8.77E-06 -5.05722 
 
0.04 0.000229 0.000235 -3.62937 
 
0.05 0.000286 0.000519 -3.28514 
 
0.1 0.000572 0.0021 -2.67774 -3.54379 
0.2 0.001144 0.009784 -2.0095 -3.06648 
0.3 0.001716 0.026788 -1.57207 -2.84445 
0.5 0.002863 0.043147 -1.36505 -2.5888 
1 0.005739 0.154576 -0.81086 -2.26336 
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Figure C.8: Evaluation of experimentally determined electrical conductivity values as a function 
of nanotube content by linear least squares analysis for determination of percolation model for 
MWNT-NH2-IL-Epoxy composite prepared by the three roll mill using a 6.5 µm gap. 
 
 
Table C.17: Resulting percolation model parameters for MWNT-NH2-IL-Epoxy composites 
prepared by the three roll mil using a 6.5 µm gap. 
 
fφc (Vf) 0.000229 
n 1.2729 
σo 88.98156 
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APPENDIX D: TENSILE STRESS-STRAIN RELATIONSHIPS 
D.1 Tensile Stress-Strain Plots for Unmodified IL-Cured Epoxy Network 
 
Figure D.1: Tensile stress-strain plots for the IL-cured epoxy network containing no nanotubes.  
 
 
Figure D.2: Tensile stress-strain plots for IL-cured epoxy network containing no nanotubes in the 
low strain region evaluated by the extensometer for determination of Young’s modulus.  
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D.2 Tensile Stress-Strain Plots for SWNT-IL-Epoxy Composites 
 
Figure D.3: Tensile stress-strain plots for 0.01 wt% SWNT composites.  
 
 
Figure D.4: Tensile stress-strain plots for 0.01 wt% SWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus.  
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Figure D.5: Tensile stress-strain plots for 0.05 wt% SWNT composites.  
 
 
Figure D.6: Tensile stress-strain plots for 0.05 wt% SWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus.  
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Figure D.7: Tensile stress-strain plots for 0.1 wt% SWNT composites.  
 
 
Figure D.8: Tensile stress-strain plots for 0.1 wt% SWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus. 
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Figure D.9: Tensile stress-strain plots for 0.5 wt% SWNT composites.  
 
 
 
Figure D.10: Tensile stress-strain plots for 0.5 wt% SWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus.  
267 
 
 
 
 
Figure D.11: Tensile stress-strain plots for 1.0 wt% SWNT composites. 
 
 
Figure D.12: Tensile stress-strain plots for 1.0 wt% SWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus.  
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Figure D.13: Tensile stress-strain plots for 2.0 wt% SWNT composites. 
 
 
Figure D.14: Tensile stress-strain plots for 2.0 wt% SWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus.  
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Figure D.15: Tensile stress-strain plots for 5.0 wt% SWNT composites. 
 
 
Figure D.16: Tensile stress-strain plots for 5.0 wt% SWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus.  
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Table D.1: Summary of Young’s modulus enhancements for SWNT-IL-Epoxy composites.  
 
Sample 
neat 
resin 
0.01% 0.05% 0.10% 0.5% 1% 2% 5% 
1 2.71 2.99 3.16 2.99 3.29 3.31 3.51 3.29 
2 2.79 2.98 2.96 2.95 3.01 3.52 3.33 3.44 
3 2.93 2.93 2.89 3.17 3.12 3.33 3.45 3.28 
4 2.94 2.89 2.99 3.28 3.15 3.42 3.57 3.18 
5 2.88 2.95 2.78 3.32 3.12 3.33 
 
3.95 
6 2.78 2.79 2.95 
  
3.76 
 
3.94 
7 
       
3.63 
Avg 2.84 2.92 2.95 3.14 3.14 3.45 3.46 3.52 
Stdev 0.09 0.07 0.12 0.17 0.10 0.17 0.10 0.32 
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D.3 Tensile Stress-Strain Plots for SWNT-NH2-IL-Epoxy Composites 
 
Figure D.17: Tensile stress-strain plots for 0.01 wt% SWNT-NH2 composites. 
 
 
Figure D.18: Tensile stress-strain plots for 0.01 wt% SWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus.  
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Figure D.19: Tensile stress-strain plots for 0.05 wt% SWNT-NH2 composites. 
 
 
Figure D.20: Tensile stress-strain plots for 0.05 wt% SWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus.  
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Figure D.21: Tensile stress-strain plots for 0.1 wt% SWNT-NH2 composites. 
 
 
Figure D.22: Tensile stress-strain plots for 0.1 wt% SWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus.  
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Figure D.23: Tensile stress-strain plots for 0.5 wt% SWNT-NH2 composites. 
 
 
 
Figure D.24: Tensile stress-strain plots for 0.5 wt% SWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus.  
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Figure D.25: Tensile stress-strain plots for 1.0 wt% SWNT-NH2 composites. 
 
 
Figure D.26: Tensile stress-strain plots for 1.0 wt% SWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus.  
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Figure D.27: Tensile stress-strain plots for 2.0 wt% SWNT-NH2 composites. 
 
 
 
Figure D.28: Tensile stress-strain plots for 2.0 wt% SWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus.  
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Figure D.29: Tensile stress-strain plots for 5.0 wt% SWNT-NH2 composites. 
 
 
 
Figure D.30: Tensile stress-strain plots for 5.0 wt% SWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus. 
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Table D.2: Summary of Young’s modulus enhancements for SWNT-NH2-IL-Epoxy composites. 
 
Sample 
neat 
resin 
0.01% 0.05% 0.10% 0.5% 1% 2% 5% 
1 2.71 3.12 3.20 3.21 3.28 3.81 3.17 4.19 
2 2.79 3.27 3.26 3.21 3.36 3.76 3.52 3.70 
3 2.93 3.08 3.17 3.14 3.41 3.55 3.24 3.49 
4 2.94 3.24 3.31 3.16 3.59 3.36 3.43 3.94 
5 2.88 3.19 2.95 2.93 3.18 3.853 3.38 3.40 
6 2.78 
 
3.05 3.17 3.44 
   
Avg 2.84 3.178 3.16 3.14 3.37 3.67 3.35 3.75 
Stdev 0.09 0.08 0.13 0.11 0.14 0.21 0.14 0.33 
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D.4 Tensile Stress-Strain Plots for MWNT-IL-Epoxy Composites 
 
Figure D.31: Tensile stress-strain plots for 0.01 wt% MWNT composites. 
 
 
Figure D.32: Tensile stress-strain plots for 0.01 wt% MWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus. 
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Figure D.33: Tensile stress-strain plots for 0.05 wt% MWNT composites. 
 
 
Figure D.34: Tensile stress-strain plots for 0.05 wt% MWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus. 
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Figure D.35: Tensile stress-strain plots for 0.1 wt% MWNT composites. 
 
 
Figure D.36: Tensile stress-strain plots for 0.1 wt% MWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus. 
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Figure D.37: Tensile stress-strain plots for 0.5 wt% MWNT composites. 
 
 
Figure D.38: Tensile stress-strain plots for 0.5 wt% MWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus. 
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Figure D.39: Tensile stress-strain plots for 1.0 wt% MWNT composites. 
 
 
Figure D.40: Tensile stress-strain plots for 1.0 wt% MWNT composites in the low strain region 
evaluated by the extensometer for determination of Young’s modulus. 
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Table D.3: Summary of Young’s modulus enhancements for MWNT-IL-Epoxy composites. 
 
Sample 
neat 
resin 
0.01% 0.05% 0.10% 0.5% 1% 
1 2.71 2.92 3.06 3.07 3.14 3.19 
2 2.79 3.01 3.16 2.99 3.06 3.08 
3 2.93 2.82 3.13 3.19 2.94 3.05 
4 2.94 2.89 3.12 3.07 3.00 3.17 
5 2.88 2.97 3.04 2.90 3.19 3.18 
6 2.78 2.90 3.10 3.26 3.04 3.03 
Avg 2.84 2.92 3.10 3.08 3.06 3.12 
Stdev 0.09 0.07 0.04 0.13 0.09 0.07 
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D.5 Tensile Stress-Strain Plots for MWNT-NH2-IL-Epoxy Composites 
 
Figure D.41: Tensile stress-strain plots for 0.01 wt% MWNT-NH2 composites. 
 
 
Figure D.42: Tensile stress-strain plots for 0.01 wt% MWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus. 
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Figure D.43: Tensile stress-strain plots for 0.05 wt% MWNT-NH2 composites. 
 
 
Figure D.44: Tensile stress-strain plots for 0.05 wt% MWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus. 
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Figure D.45: Tensile stress-strain plots for 0.1 wt% MWNT-NH2 composites. 
 
 
Figure D.46: Tensile stress-strain plots for 0.1 wt% MWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus. 
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Figure D.47: Tensile stress-strain plots for 0.5 wt% MWNT-NH2 composites. 
 
 
Figure D.48: Tensile stress-strain plots for 0.5 wt% MWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus. 
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Figure D.49: Tensile stress-strain plots for 1.0 wt% MWNT-NH2 composites. 
 
 
 
Figure D.50: Tensile stress-strain plots for 0.5 wt% MWNT-NH2 composites in the low strain 
region evaluated by the extensometer for determination of Young’s modulus. 
 
290 
 
 
Table D.4: Summary of Young’s modulus enhancements for MWNT-NH2-IL-Epoxy composites. 
 
Sample 
neat 
resin 
0.01% 0.05% 0.10% 0.5% 1% 
1 2.71 3.19 2.90 3.10 2.91 3.29 
2 2.79 3.16 2.85 2.80 2.72 3.21 
3 2.93 3.02 3.09 3.12 2.65 3.44 
4 2.94 3.29 2.96 3.10 3.01 3.27 
5 2.88 3.18 3.09 3.04 3.05 3.62 
6 2.78 2.97 3.11 3.53 2.98 3.36 
Avg 2.84 3.14 3.00 3.11 2.89 3.37 
Stdev 0.09 0.12 0.11 0.24 0.16 0.15 
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